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STUDIES OF CELL LETHALITY OF A SMALL 
DEFICIENCY IN DROSOPHILA MELANOGASTER! 


KIRSTEN H. WALEN? 
Department of Genetics, University of California, Berkeley, California 


Received September 7, 1960 


OSAIC sectors which are completely deficient for specific chromosome 

regions can be produced by utilization of various types of chromosome 
behavior which result in the elimination, through loss or exchange, of the non- 
deficient region covering the deficiency. It was early recognized that such methods 
might be utilized for the production of viable tissue homozygous for X chromo- 
some deficiencies which would not be tolerated by the zygote. 

One of the most interesting cases analyzed was a spontaneous deficiency in- 
cluding the y, ac and sce loci (Morcan, referred to in DEMEREC and Hoover 
1936), later designated Df(1)260-1 (Dremerec and Hoover 1936). The de- 
ficiency in question, which may also be referred to as Df(1)y ac sc, was studied by 
Epnrussi (1934), Srern (1935) and Demerec and Hoover (1936), in regard to 
the cell lethality of the deficiency. A cell lethal, according to DemEreEc (1936), 
may be defined as a “lethal which, when homozygous, prevents the appearance 
of a small patch of tissue for which the test is made. The term does not imply that 
the lethal in question has a lethal effect on a single cell.” 

Epurussit (1934) observed a high frequency of somatic spots, with yellow 
hypoderm and bristles, in males in which the deficiency was covered by a small 
duplication attached to the fourth chromosome: Df(1)y ac se, Df(4)Dp(1)y* 
ac* sc*+. On the assumption that the X-4 duplication was lost during the course 
of cell division, he concluded that Df(1)y ac sc was not cell lethal in males. 

STERN (1935) used the methods of somatic crossing over on the assumption that 
this method would yield cell lineages homozygous for the deficient X chromosome 
in the female. In order to increase the incidence of somatic crossing over, he 
introduced a Minute factor into the genotype. An influence of the Minutes on the 
frequency of somatic crossing over was described later by him in detail (STERN 
1936). He observed a few small mosaic sectors consisting of only a single yellow 
bristle in each and concluded that the deficiency was of poor cell viability and 
certainly prevented growth beyond such small areas. 
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Demerec and Hoover (1936) repeated STERN’s experiment and came to the 
same conclusion. These results may be summarized: 








Investigator Sex studied Method Conclusion 
EPHRUSSI Males Presumed 
chromosome loss Not cell lethal 
STERN Females Somatic crossing 
over Rarely viable 
DeMerEc and Somatic crossing 
Hoover Females over Cell lethal 





The present study was undertaken in order to re-examine the apparent sex 
difference in cell lethality of this deficiency. 


MATERIALS AND METHODS 


For this study three special stocks were used in addition to common laboratory 
stocks of Drosophila melanegaster: 

(1) Deficiency (1)260-1 was obtained from the California Institute of Tech- 
nology at Pasadena. The presence of the deficiency in the stock was confirmed 
genetically, (Df(1)y ac sc) and cytologically (1A to 1B,) (DemeEreEc and 
Hoover 1936), and thereafter carried over M5, a common laboratory X chromo- 
some “balancer”, marked with B and w. In order to secure a similar genetic back- 
ground for the control chromosomes, y ac and y ac sn’ were also carried over the 
same balancer. 

(2) Duplication (1;f) X°*, y+ act sct+, which is a ring-shaped fragment chromo- 
some, originated in this laboratory through X-ray treatment of ring chromosome 
X°*. The genetic length includes at least the wild-type alleles for y, ac and sc. 
The general designation for such a fragment would be Dp(1;f) X*?-2 since a 
similar fragment has already been reported by ScHuttz (BripcEes and BREHME 
1944); for sake of convenience the fragment utilized here will be referred to 
simply as f¢ (y+ act sc+) (S. W. Brown, unpublished). 

(3) Dp(1;4) y+ ac+ was obtained from M. M. Green of the University of 
California, Davis, California. Genetically, the wild-type alleles for y and ac but 
not sc, are translocated to the fourth chromosome which in turn is deficient for 
sv, spa® and pol (M. M. Green, unpublished). 

The more common laboratory stocks utilized in this study include X, y Hw 
m® g* dl-49, sn’ and sc’ w*. The sc’ allele has a pronounced effect on the number 
of abdominal bristles present. 

All stocks were kept at a temperature of 26° + 2°C. The age of the flies at the 
time of mating was 0-2 days except in one experiment involving aging of the 
female parent. Observation of mosaic spots was restricted to the tergites. Since 
the intensity of pigmentation increases with age after eclosion, all flies were aged 
uniformly for two days, and subsequently their abdomens were mounted in 
euparal (HANNAH 1953). The scoring of mosaic spots was done with the aid of a 
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compound microscope (125). All mosaic spots were recorded by sketching on 
mimeographed maps, one map per abdomen (Hannan 1953; Brown and 


WE tsHons 1955). 


EXPERIMENTAL RESULTS 


Loss of chromosomal material: In order to test the possible sex specific cell 
lethality of Df(1) y ac sc, it is necessary to use a mosaic producing method which 
can be studied in both males and females. In the first experiment, therefore, the 
centric ring fragment f* (y+ act+ sct+) was combined with hemizygous and 
homozygous Df(y ac sc) sn* and similarly with the control chromosome carrying 
the y ac sn’ markers (see Table 1 for genotypes). It was assumed that the frag- 
ment would get lost with some frequency during the mitotic divisions and thus 
leave the deficient chromosome genetically uncovered, so that its potential via- 
bility and phenotype could be observed as mosaic spots present in the hypoderm 
of the abdomen. In view of Mutter’s (1935) report on “A viable two-gene de- 
ficiency”, involving y and ac, it was believed that certain predictions could be 
made with regard to the phenotypic expression of hemizygous and homozygous 
Df(y ac sc). A deficiency for the y locus might be expected to resemble mutant y, 
and deficiencies of the bristle-determining loci ac and/or sc might be expected to 
correspond to amorphic mutants, and thus reduce the number of bristles on the 
thorax and abdomen. 

The frequency of single as well as of multiple yellow bristle spots in the experi- 
mental series (Table 1, 1a, b) was far below the frequency observed for the 
control series (Table 1, 2a, b). The ratio between female and male yellow bristle 
spots was, however, the same in both the experimental and control series. This 
result suggests that there is no difference with regard to cell lethality of Df(1) y 
ac sc in the two sexes. 

Certain mosaic patches were designated as “y-acsc”’ for the following reasons. 
They were obviously of yellow colored hypoderm and contained yellow bristles 
when these were rarely present. The spots are thus phenotypically similar to y. 








TABLE 1 
Mosaicism for yellow and yellow-hairless following loss of f¢(y* ac* sc*) 
Ratio of 
Genotype Number of Single y Two or more Total female to male Total (—=% 
Df=Df(1)y ac se abdomens bristles y bristles spots* y bristle spots ‘‘y-acsc’’} mosaic) 
1 D 3 /fe 
ae ef 100 109 6 115 101 216 
Df sn’ 2.34 
(b) Df sn’ /fe 100 42 7 49 139 188 
2(a) yac sn /fe 
wre tw 302 209 511 2 513 
y ac sn 2.34 
(b) y ac sn’ /fe 100 154 64 218 + 222 





* All abdomens were singed since f¢, a ring fragment (see text), covers only the tip of the X chromosome. 
+ Yellow-hairless spots; see text for further comment. 
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TABLE 2 


Mosaicism following loss of X°? 





Genotypes from 





Df(1)y ac sc 

XN Number of Single y Two or more **y-acsc”’ Percent 

yHwm'gs dl-49 abdomens bristles y bristles T spots* spots mosaics 
Df(1) y ac sc/X°? 100 108 10 4 29 151 
yHwm?g' dl-49/X°¢2 100 246 47 0 0 299 





* Tumoroid tissue, associated with yellow-hairless spots or occurring alone. 


The absence of bristles was quite pronounced even under lower magnification 
(x15). Two known loci affecting bristle production, ac and sc, are absent from 
the deficient chromosome; it was therefore expected that the effects of such an 
absence might be expressed in a hairless condition (MULLER 1935). The symbol, 
“‘acsc’’, is used to indicate the expected hairless phenotype for a deficiency of this 
chromosome sector, but without implying further any effects attributable specifi- 
cally to the deficiency for ac or the deficiency for sc. The size of the “y-acsc” 
spots in the experimental series ranges from very small up to as large as two half 
tergites. The few observed in the control were uniformly very small, and their 
presence cannot be explained satisfactorily at this time. The ratio between female 
and male “‘y-acsc” spots is not expected to be comparable to the previously men- 
tioned ratio since the dark pigmentation of the last two tergites of the male will 
favor their detection and thus bias the data in favor of a greater number for the 
males. The same bias would not be expected for the y bristles because changes in 
bristles are much more pronounced than those for small patches of hypoderm. 

The mosaic spots described for the preceding experimental series might also 
be interpreted as the results of a position effect of heterochromatin on the yt, 
act, and sct+ genes in the ring fragment, Dp(1;f) X*°*. Such an interpretation 
would include the assumption that the position effect influenced the visible ex- 
pression of the dominant genes carried on the fragment without seriously af- 
fecting their contribution to the viability of cell or tissue. Consequently the entire 
X°? chromosome was used in combination with a deficient X chromosome. It was 
expected that loss of X°? would result in male sectors, usually yellow and devoid 
of bristles, but mosaic sectors appearing in the dimorphic region would have the 
typical dark yellow, male pigmentation. It is very unlikely that male pigmenta- 
tion would be subject to position effect (HANNAH 1953) and thus would more 
certainly indicate loss of X°?. 

The experiment with X** was set up as follows. All mothers had been 
aged 11 days at 21°C prior to mating in order to increase the frequency of 
gynandromorphs (Brown and Hannau 1952; Hannau 1955). Abdomens of 
female flies heterozygous for the deficiency or for a control chromosome, and 
X°*, were mounted and examined for mosaic spots. The results recorded in 
Table 2 show a much smaller percentage of mosaicism in the deficient than in 
the control crosses. Of the “‘y-acsc’”’ spots four could be classified with certainty 
as male; they occurred in the dimorphic region and demonstrated the character- 
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istic dark yellow, male pigmentation, which was wild-type black at the border 
line of these spots (HANNAH 1953). These four male-type spots provide the most 
critical evidence that the mosaic sectors are the result of chromosome loss rather 
than position effect. These observations demonstrate that the hemizygous de- 
ficient tissue can grow to appreciable size in females. Of the control mosaic spots, 
all the spots extending into the dimorphic region showed the typical dark yellow, 
male pigmentation with the wild-type borders. 

The phenotypic similarities of mosaicism obtained with the ring fragment and 
with the entire ring indicate that the position effect hypothesis, though not ruled 
out, is certainly not necessary to account for the results with the ring fragment. 
The contention that the mosaic sectors in the males of the ring fragment experi- 
ment are actually attributable to loss of the fragment rather than position effect is 
thus based on the similarity of these sectors to those in females of the same and 
the X°? experiments. It seemed that the case for the viability of the deficient tissue 
would be further strengthened if similar mosaic sectors were to appear following 
somatic crossing over. Df(y ac sc) +/+ + + sn* would be expected to yield twin 
spots in which one part of the mosaic sector was yellow-hairless (“‘y-acsc”), the 
other part singed (sm). For this purpose 800 abdomens were mounted and exam- 
ined for mosaic sectors. The large number of abdomens was necessary in this 
experiment because of the variability in bristle pattern, from one abdomen to 
another, which prevented the identification of small hairless spots. In other words 
mosaic sectors so small that they lack only a single bristle most probably cannot 
be scored as “y-acsc” spots because alteration in hypoderm pigmentation over 
such a small area cannot often be detected. The same difficulty would most 
likely extend to the “‘y-acsc” spots lacking two bristles. As a control to this ex- 
periment 460 abdomens of the genetic constitution y ac + / + + sn* were also 
examined for mosaic spots. In the control, twin spots with the phenotype yellow- 
singed (y—s7) bristles would be expected. 

It can be seen from Table 3 that “‘y-acsc’’—sn twin spots were observed in the 














TABLE 3 
Mosaicism following somatic crossing over with deficient and control chromosomes 
Number of Singles Multiple Percent sn Twin spots 
Genotype abdomens ¥ sn x sn multiples y-sn “‘y-acsc’"-sn 
Df(1 
eet 7194 7 83 10.37 6 42 
+, + 
2 
wre. 460 81 60 % 29 4.78 53 OO 
+T = 
Percent twin spots Percent 
-1y* -land2y* **y-ac sc’’—St T spotst Total mocaic 
(1) continued 5.25 5.25 79 41 423 52.87 
(2) continued 6.73 4.34 0 0 240 52.17 





* Twin spots of either one, and of one and two yellow bristles, and of any number of sn bristles were excluded (see text). 
+ Yellow-hairless spots associated with smaller, normal colored bristles or occurring alone. 
t¢ Tumoroid tissue, associated with yellow-hairless spots or occurring alone. 
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deficiency. series, but with a lower frequency than the comparable y—sn twin 
spots in the control series (6.00% to 11.52%). When twin spots consisting of one 
yellow bristle and any number of sn bristles are excluded from both series, the 
percent twin spots for the control series drops to a value not significantly different 
from the deficiency series. When an additional subtraction is made of twin spots 
consisting of two yellow bristles and any number of sv bristles, the percent twin 
spots in the control drops a little below the percent “‘y-acsc””—sn twin spots in the 
deficiency series. These results indicate that “‘y-acsc’”’ mosaic spots which lack 
one or two yellow bristles cannot be reliably scored, as would be expected on the 
basis of the variability in bristle pattern from one abdomen to another. 

The class of mosaic spots labeled T present a special problem. The symbol “T” 
stands for “tumoroid” spots which were sometimes found in association with a 
“‘y-acsc”’ sector. Phenotypically, these T spots are outgrowth—bumps—on the 
abdomen. The pigmentation of the hypoderm is irregular, and the color of the 
bristles ranges from wild-type grey to yellow. The bristles are frequently 
morphologically abnormal, thicker and shorter. The T spots have in this study 
been found to be entirely restricted to the last two tergites of the female abdomen. 
When the T spot is large enough to include the last triangular tergite (a charac- 
teristic part of the female abdomen), then this seventh tergite is completely 
absent. 

Another class of mosaic spots is recorded in Table 3 as “‘y-acsc’”—S. This class 
of mosaic spots consists of “y-acsc’”’ areas with smaller normal colored bristles at 
their peripheries. Since these smaller, normal colored bristles were never observed 
in the control series, it was thought that they might be used as indicators in a 
more accurate classification of “y-acsc” spots in this experiment. Therefore, when- 
ever smaller normal colored bristles were found to be associated with questionable 
“‘y-acsc”’ spots, these spots were recorded and included in the phenotypic class 
“‘y-acsc””—S. The possible significance of these two classes of mosaic spots will be 
considered in the discussion. 

Dosage effect of the y ac sc region: Another experiment was performed in 

order to determine the possible amorphic effect (MULLER 1932) of deficiency for 
sc alone in both males and females. For this purpose the previously described 
X-4 duplication, Dp(1;4)y+ act, and f* (y+ act+ sct+) were combined with 
hemizygous and homozygous Df(y ac sc). In other words the genotypes of the 
females are: 
Df(y ac sc)/Df(y ac sc) /Dp(1;4) (y+ act) /f* (y+ act sct+). Assuming again 
that fe (y+ act sc*+) is lost during cell division, it was expected that only the 
bristle determining gene sc would be genetically uncovered so that possible mosaic 
sectors with a hairless, but not yellow, phenotype would be found on the ab- 
domens. As a control to this experiment an X chromosome carrying the sc’ allele 
was selected because of its extreme effect on the development of abdominal 
bristles. This allele is inseparable from a small inversion (Jn(7)sc’) involving 
about a fourth of the euchromatin of the X chromosome. Table 4 gives genetic 
constitutions and phenotypes of mosaic spots observed. 

lt can be seen from the table that the predicted nonyellow-hairless, (y+-acsc), 
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TABLE 4 


Mosaicism following loss of £¢(y* ac* sc*)* 





Number Smaller Smaller Multiple Percent 
Genotype abdomens yt-acsc ¥ y br.t Sockett norm. br.+ spots§$ mosaic 








Df(y ac sc) : ci ey 


—_—_—_—. 100 48 5 158 175 151 713 1250 
Df(y ac sc) + + Dp (1) 








ay eae ee 100 63 17 156 214 169 495 1114 
+ + Dp (1) 

¥ , oar 

ih Eas 100 47 «7 «4111 «187 85 233 670 

sc” w@ + + Dp (1) 


7 fe , oy 
ele eer 100 14 7 «54 $89 37 «+971 ~« 272 


+ Dp (1) 





* All abdomens in the experimental series were sn. F : , J 
+ These two classes of mosaic spots have bristles that are shorter and sometimes thicker than normally occurring bristles 


on the abdomen 
t ‘‘Socket’’ indicates that only the bristle socket has developed normally. Since the tip is present inside the socket, 


these cannot be confused with empty sockets from which the bristle has been torn. : . : 
§ Single phenotypes of more than one bristle or any combination of the other phenotypes listed, including some spots 
of non-y-hairless, immediately adjacent to some other phenotype. 


spots were observed in both sexes of the deficient chromosome series and the 
control series. The other types of mosaic spots observed and the total percent 
mosaicism most probably cannot be compared among the four series since quite 
heterogeneous genetic constitutions were involved. The other sorts of mosaicism, 
all unexpected, will be considered in the discussion. 


DISCUSSION 


If a mosaic sector demonstrates the phenotypic expression of the genes un- 
covered in mosaic formation, these genes may be considered autonomous. With 
some notable exceptions, most genes of Drosophila melanogaster studied up to the 
present time are autonomous. HANNAH (1953) and STERN (1956) have, however, 
shown that the problem of autonomy becomes especially important when the 
mosaic sectors are of very small size as might be expected for hemizygous and 
homozygous deficient mosaic spots. The viability of small mosaic spots might 
thus be due to diffusion of substances from the surrounding tissue and not to 
autonomous development of the deficient tissue. HANNAH (1953) and STERN 
(1956) also showed that nonautonomy, or interaction between genetically dif- 
ferent tissues, may be found at the boundary zones of larger mosaic spots. 

Disregarding Epurusst’s interpretation of his results with Df(1) y ac sc, this 
particular X chromosome lethal seems to conform to the usual picture of gene 
automony in Drosophila melanogaster, and is corroborated by the results of the 
cell lethality study of 15 lethals “affecting known visible loci” by Demerec. 
Thirteen of these 15 lethals were found to be cell lethal (DEMEREc 1936). 

In interpreting EpHrussi’s mosaic-producing method the variegated type of 
position effect must be taken into consideration; this effect might simulate the 
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results expected from chromosome loss when the wild-type loci covering the 
deficiency are placed in a new position in the structurally rearranged chromo- 
some used to produce mosaicism. If the deficient tissue is at all viable, chromo- 
some loss would uncover the deficiency and presumably permit its phenotypic 
expression; if the deficient tissue is not viable position effect influence might 
“uncover” only the visible manifestations of this phenotype without simul- 
taneously “uncovering” those affecting viability. Thus an erroneous conclusion 
might be drawn that the deficient tissue not only had a certain phenotypic 
expression but was quite viable. 

In this study two mosaic producing methods have been used, (1) loss of 
chromosomal material and (2) somatic crossing over. Actual proof for X°? 
elimination in females of the genetic constitution Df(y ac sc) /X°* was obtained 
when “‘y-acsc”’ spots were found associated with male pigmentation, and thus the 
deficient chromosome must have been present in a hemizygous condition. The 
extreme effect of deficient sc on the development of bristles of the abdomens of 
both sexes has been shown in the last experiment (Table 4) by the occurrence of 
non-y -hairless mosaic spots. Although position effect mosaicism in the males has 
not been ruled out conclusively, the appearance of yellow-hairless male sectors 
in Df(y ac sc)/X*? flies and the general similarity between the mosaicism in 
males and females in the very first experiment (Table 1) make this alternative 
explanation for the males seem unnecessary. 

The somatic crossing over data obtained in this study with Df(1)y ac sc 
(Table 3), indicate that homozygous deficient tissue is quite viable according 
to Demerec’s (1936) definition. The discrepancy between percent twin spots in 
the experimental series and the control series (Table 3) has already been ascribed 
to the difficulty of observing small “y-acsc” spots. Twin spots which consisted of 
a small yellow-hairless sector, that is of an area normally occupied by only one 
or two bristles, and of a sector with any number of singed bristles have undoubted- 
ly been often misclassified as multiple sm spots. Evidence for this conclusion is 
obtained by comparing percent multiple sv bristle spots in Table 3 (10.37% to 
4.78%); the higher percentage of multiple sv spots in the deficient chromosome 
series is, therefore, undoubtedly attributable to an erroneous classification of 
actual twin spots. A few “‘y-acsc” spots appeared on y ac sn*/f*(y+ act sect) 
(male and female) flies in which the y and ac alleles are on a normal chromo- 
some but covered by a ring fragment. Although the ac allele used in this series 
is not known to affect abdominal bristles, it may nevertheless do so occasionally 
over a restricted area; in other words, an extremely weak expressivity in the 
abdominal area would be realized in only a few of those sectors from which the 
fragment is absent. 

Unexpected mosaic spots: In the third experiment involving somatic crossing 
over (Table 3) two unexpected types of spots were found, those in which a yellow- 
hairless region was associated with one or a few stunted bristles (“y-acsc’”’—S) 
and, especially, the tumoroid lumps (T and “y-acsc”—-T) which were highly 
abnormal in appearance and restricted to the dimorphic region. Several hypoth- 
eses might be advanced to account for the S and T manifestations. The S bristles 
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may be due to “incomplete nonautonomy” at the periphery of “‘y-acsc” areas; 
recent work by Hannan (1953) and Stern (1956) indicated that some diffusion 
of substances from wild-type tissue might have an effect near the boundary. The 
T spots present a far more difficult problem because superficially they appear to 
be an overgrowth of tissue which may be deficient tissue, or normal tissue in 
close proximity to deficient tissue, or, possibly, tissue mixtures. After T spots 
were found in the somatic crossing over experiment, the mounts for the earlier 
experiments (X°* and f°) were re-examined. Phenotypically extreme T spots 
were not found, but in four instances tissue sectors showing some of the shrinkage 
and distortion characteristic of the T spots were present in Df/X*? mounts but 
not in Df/Df/f* mounts. The failure to find the extreme types in the one series 
and the total absence of T spots in the other may be attributable to a chance 
effect stemming from their general low frequency, only five percent in the most 
prevalent example (Table 3). On the other hand, their frequency may depend 
to a considerable extent on the genetic background which was not identical in 
the various series. The less extreme T spots observed in the Df/X°* experiment 
were also restricted to the dimorphic region. In some instances both “y-acsc” and 
T spots were observed side by side in a dimorphic region. These last observations 
favor another interpretation of the T spots, since the simultaneous occurrence of 
‘‘y-acsc”” and T spots makes it rather unlikely that T spots are an occasional, 
different phenotypic expression of homozygous or hemizygous deficient tissue. 
The phenotype of these spots favors a hypothesis of mixing of normal and genetic- 
ally “abnormal” tissue. This process might lead to a breakdown of the normal 
morphogenetic pattern in the dimorphic region, and to a moderate amount of 
poorly regulated development including some overgrowth. The dimorphic region, 
just because it is such, may be more sensitive to developmental derangements than 
the remainder of the abdomen. At present the only further support for this 
hypothesis is the variable appearance of the T spots themselves, yellow, yellow- 
hairless, wild type, or mixed. 

In the last experiment, involving a compounding of two duplications, f* and 
Dp(1;4) with either deficient or Jn(1)sc’ chromosomes (Table 4), two types of 
unexpected mosaicism occurred, the one type demonstrating small or under- 
developed (QO) bristles, the other showing the quite unanticipated yellow pheno- 
type. The small bristles here may also be due to “limited nonautonomy” as dis- 
cussed in the preceding paragraph, in addition to the fact that one of the fourth 
chromosomes is deficient and thus could have a Minute effect (Bripces and 
BreHMeE 1944). The O class of bristles presents the extreme case in which only 
the rounded tip of the bristle was seen in the bristle socket (the presence of the 
tip, of course, made it easy to distinguish these sockets from those from which the 
bristle had been accidentally torn). On the other hand, the small and O classes 
form an appreciable part of the total mosaicism which is considerably larger than 
expected from f* loss (compare Tables 1 and 4). 

The unexpected high percentage mosaicism, formed largely from the small 
and O classes, and the presence of yellow spots, especially in the two Jn(1 )sc’ 
series (last two lines of Table 4) in which three or four plus alleles for yellow 
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are present, creates an intriguing problem for which there is no satisfactory 
explanation as yet. One may suggest several ad hoc hypotheses. Thus, if the 
region of the chromosome including the y, ac and sc loci, which are recognized 
to be quite closely linked, is considered to be, in part, unitary in function, then 
the compounding of several such regions, each of which is damaged, may produce 
a complex interaction leading to a lack of function which is not overcome entirely 
by the normal alleles present in f°. On the other hand, the supposed y+ alleles 
may in actuality be altered, either directly or via position effect, but below the 
threshold of expression until combined to yield an interaction analogous to the 
“negative heterosis” observed by STERN (1948) for cubitus interruptus. 

In view of the above findings, the results of EpHrussi can be interpreted as 
being due to the variegated type of position effect; otherwise he should have seen 
at least some yellow-hairless patches as reported by Stern (1935). The X-4 
duplication he utilized for mosaic spots production in males most probably had 
the tip of the X chromosome with the genes in question in close proximity to the 
heterochromatin of the fourth chromosome. (From the genetic data of the X-4 
duplication utilized in this study, it is quite apparent that only the tip of the 
fourth chromosome is deficient; the translocated region of the X chromosome is 
not, therefore, in association with the centric heterochromatin of the fourth 
chromosome.) Mu tier (1935) commented on Epnurussi’s results as follows: 
““’., . and when the presumable elimination occurred, yellow patches were ap- 
parently too small to allow the autonomous nondevelopment of hairs and bristles 
that ordinarily is associated with the achaete and scute mutations.” The conclu- 
sions of both StreRN (1935) and Demerec and Hoover (1936) were based on 
observed single, multiple and twin mosaic spots produced by somatic crossing 
over. Taking into consideration the technical improvements as reported here with 
regard to the observation of mosaic spots (HANNAH 1953; Brown and WELsHONS 
1955), it is probably not surprising that “‘y-acsc”’ spots were not observed (DEm- 
EREC and Hoover 1936), or that because of their “very low” frequency the 
genetic significance of these spots would not be apparent in the somatic crossing 
over study of STERN (1935). 


SUMMARY 


Earlier work of EpHrussit, STERN, and DemMEREc and Hoover had indicated 
that Df(1) 260-1, deficient for y, ac, and sc, was not cell lethal in the male but 
either cell lethal or of markedly reduced viability in the female. The present 
study was undertaken to re-examine the presumed sex difference in cell lethality. 
Four different experimental series were set up to produce mosaic sectors hemi- 
zygous or homozygous for the deficient chromosome; these involved somatic 
crossing over and the use of an entire ring X chromosome, a fragment ring X 
chromosome, and a small duplication of the X attached to chromosome four. 

The experimental results indicate that the deficient chromosome is not cell 
lethal but moderately viable in both sexes. The mosaic sectors were often pheno- 
typically yellow and hairless as might be expected since the yellow, achaete and 
scute loci were lost from the deficient chromosome. In addition to the expected 
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mosaics, several other types occurred which cannot be explained simply; the 
most unusual were tumoroid spots and yellow spots appearing in flies carrying 
several doses of the plus allele for yellow. 

The possible difficulties in interpretation from assumptions of position effects 
in the rearranged chromosomes and of nonautonomy in small mosaic sectors have 


been discussed. 
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6 Son correlation of spontaneous mutation with active growth in cell culture 

has led in the past to a common tacit assumption that division is required 
for mutation, an assumption exposed by the expression of mutation rates as some 
function of division. A ready explanation was provided by the error (copy-error) 
hypothesis which views mutation as an error in gene duplication, and which 
predicts therefore, that mutation rate is proportional to the rate of cell division. 
However, in measurements of the spontaneous mutation rates of bacterial cul- 
tures in chemostats in which growth was limited with tryptophan, Novick and 
SzrLarp (1950) found that spontaneous mutation to resistance to bacteriophage 
T5 appeared independent of growth rate. Attempts were made to reconcile this 
result with the error hypothesis by assuming compensatory processes (Novick 
1955), but the absence of experimental confirmation of the latter has caused their 
finding to be regarded as paradoxical, rather than fundamental, in most reviews 
on mutation. 

On the other hand, when glucose is used to limit growth rate the accumulation 
of caffeine-induced mutants is proportional to growth rate (KuBirscHEK 1960), 
seemingly providing prima facie evidence for the error hypothesis. Nevertheless, 
the error hypothesis is shown in this report to fail to account satisfactorily for 
newly-forming mutants when glucose limits growth. Furthermore, the constancy 
of mutation rate when tryptophan limits growth is not an isolated case peculiar 
to spontaneous mutation but occurs also for caffeine-induced mutations. 

An examination of the nature of the difference between results from trypto- 
phan-limited and glucose-limited cultures has been made possible by the develop- 
ment of a method of delayed selection that permits, for the first tume, measure- 
ment of concentrations of cells which are latent mutants for T5 resistance in the 
chemostat in the absence of accumulated mutations arising spontaneously after 
plating (plate mutants). Since plate mutant concentrations are insignificant, this 
method allows simultaneous measurements of concentration of expressed and of 
latent mutants (those cells in which the mutational process has been initiated, 
but which have not yet expressed the mutant phenotype), making possible a study 
of the kinetics of mutation. Previously, with the time-course measurement of the 
appearance of mutant colonies introduced by DemErEc (1946) it had been neces- 
sary to assume latent mutant concentrations as a difference between the maxi- 
mum yield and those mutations already expressed. Correspondingly, there has 
been no clear determination of latent mutant concentrations in later modifica- 


1 This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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tions, including those treatments with chloramphenicol or other agents which 
interfere with protein synthesis (WiTKIN 1956, 1958; DoupNey and Haas 1958). 
A technique of delayed selection similar to ours was developed for the detection 
of marker replication in transformation experiments (EpHRussI-TayLor 1959). 
Our method leads to the operational definition of a latent mutant as a cell with 
wild phenotype and unspecified genotype, in which, as a result of exposure to 
mutagen, the mutation can be displayed later, either in this cell or in its progeny. 


THEORY 


Although latent mutants may be genetic mutants as well as cells in which 
genetic material may not yet have been affected, we can distinguish at present 
only two steps in the mutational process: cells of wild genotype 7 must become 
latent mutants / before phenotypic mutants m can arise. If these steps are 
reversible, 2=2/=2m. The corresponding concentrations, denoted by N, L, and M, 
respectively, will depend upon the presence or absence of back reactions (includ- 
ing reversion), selection, and segregation. These factors when present indi- 
vidually give kinetics of accumulation of mutants which are qualitatively diff- 
erent, as described below. The cases we consider most appropriate to our findings 
are presented in detail. These cases do not include the possibility that the induction 
of latent mutants might be modified by premutational treatments (premutational 
damage) since experiments of this kind were not performed. Premutational 
damage might exist, but it is not revealed in our experimenis at different growth 
rates in which there have been no significant differences in yields of latent 
mutants. 

Case I: No reversion, selection, or segregation of mutational potential or 
mutant character: Addition of a mutagen wll induce the mutational process in 
parent cells 7 in the chemostat with a probability » per cell per hour (averaged 
over a cell cycle), depending upon the intensity or concentration of the mutagen. 
In the absence of cell death, the rate of induction of latent mutants is 


—dN/dt =»N=,(N,—L—M), 


where J, is the total concentration of cells in the chemostat. In our experiments 
L,M < N,, so to good approximation 


— dN/dt = pN,. 
The concentration of latent mutants changes at the rate 


dL /dt = »N, — dM /dt. (1) 


At first the latent mutant concentration rises at the rate of induction p/V,, since 
dM /dt = 0, due to the delay in expression of the mutant phenotype. During the 
steady state which follows, dL /dt vanishes, since production of new latent mutants 
is balanced by phenotypic expression of others from the pool of latent mutants 
which has accumulated. From ths time on, according to equation 1, mutations 
are expressed at the rate of induction, pV,. 
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Equation 1 also shows that the sum of the rates of accumulation of expressed 
and latent mutants, M + L, has the same value, »N,, at all times after adding 
mutagen. Thus M and the sum M + L both accumulate linearly, M + L immedi- 
ately upon addition of the mutagen, but M only after a delay equivalent to the 
mean delay period (KusitscHEK and BenpicKEIT 1958). 

Case II: Death of some phenotypic mutants or reversion to latent mutants or 
wild-type cells; no segregation or selection: Here the rate of death or reversion 
is proportional to the concentration M of cells with the mutant phenotype, be- 
coming appreciable only after some time has elapsed. Thus mutants at first 
increase relatively rapidly, later more moderately. Previous observations by 
Novick and Szrtarp (1950, 1951) demonstrated a linear increase in spontaneous 
and chemically-induced mutants resistant to bacteriophage T5. Thus, death 
or reversion of these phenotypic mutants appears negligible. 

Case III: Loss of mutational potential, reversion to wild type, or death of some 
latent mutants; no segregation or selection: Let f (A) represent the fractional rate 
of loss of latent mutants at the growth rate A. Then 


dL/dt = »N, — Lf(a) — dM /dt. (2) 


As before, dM/dt remains zero for a time after the addition of mutagen. Initially, 
L is also negligible, so latent mutants again accumulate at the rate of induction 
wN,, an approximation which is good for L < »N,/f(A). The concentration of 
latent mutants again rises to a maximum value, L ,, during the steady state 
which follows. Then, according to equation 2, the rate of expression of mutants is 


dM /dt = pN,—L af(a). (3) 


Since L ,, and f(A) are constant at a given growth rate, equation 3 shows that M 
is again asymptotic to a straight line (which, as in Case I, intersects the time axis 
at the mean delay period), but the rate of accumulation is less than that in Case I 
by an amount proportional to the loss of latent mutants at the growth rate A. 

Here, also, the sum M + L no longer accumulates linearly after adding muta- 
gen, as it did in Case I, but increases first at the rate of induction of latent mutants, 
ulV,, then more and more slowly until it becomes parallel to the rate of expression 
given in equation 3. 

Case IV: Growth of latent mutant cells at a slower rate than nonmutants or 
expressed mutants; no segregation, reversion, or death: M and M + L are curves 
of the same shape as in the previous case due to washout of some latent mutants 
from the chemostat. However, the mean delay period does not have a constant 
value unless latent mutant growth rates are always proportional to the growth 
rate of the parent culture. 

Case V: Segregation of the mutational potential or mutant character; no selec- 
tion or reversion: Segregation again gives rise to a constant latent mutant pool, 
but changes in growth rate would not be expected to affect the pattern of segre- 
gation. Thus, neither mutation rate nor the number of generations of delay in 
expression of the mutant phenotype would be expected to change. 
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MATERIALS AND METHODS 


Chemostats were inoculated with Escherichia coli B or B/1,try~. All chemostats 
contained the following concentrations of salts in gm/l: NH,Cl, 1; Na2ZHPO,, 3.5; 
KH.PO,, 1.5; MgSO,, 0.1. When the growth rate of strain B/l,try~ was limited 
with tryptophan, additional concentrations were 0.5 mg/] L-tryptophan and 10.6 
gm/] lactic acid neutralized with 3.5 gm/l NaOH (tryptophan-supplemented 
Friedlein medium). When growth rate was limited with a carbon source, usually 
100 mg/I glucose or 150 mg/l lactic acid, L-tryptophan concentration was in- 
creased to 1 mg/l. 

For most experiments, plates contained nutrient agar (Difco-Bacto) supple- 
mented with iron (190 mg/l monosodium ferric ethylene diaminotetraacetate, a 
gift of the Geigy Chemical Corporation, Ardsley, N. Y.), which permits rapid 
development of visible colonies from all T5-resistant cells in the presence of the 
phage. For some experiments cells were spread upon an iron-supplemented salts- 
lactate-glucose agar: Friedlein medium plus 2 gm/] glucose and 1.5 gm/] agar 
(Difco-Noble). 

Viable cell concentrations V were determined from chemostat samples diluted 
to give about 100 cells per plate. Plates were incubated at 37°C. At least three 
plates were used for each determination of total concentration and of mutant 
concentration. 

Concentrations M of phenotypically resistant cells were measured by exposing 
chemostat samples to T5. Aliquots containing about 2 x 10’ bacteria were spread 
upon plates with sterile glass rods and sprayed with about 5 Xx 10° T5 particles 
within ten minutes. 

Concentrations M + L of all cells capable of giving rise to resistant colonies 
upon plates (i.e., phenotypic plus latent mutants) were determined by spreading 
cells upon plates as above, and allowing growth to microcolonies during an incu- 
bation period at 37°C before spraying with T5. Upon nutrient agar the incubation 
period was three hours, upon salts-lactate-glucose agar four hours. The justifica- 
tion for the incubation procedure is given in the following section. 


RESULTS 


Delayed selection for latent mutants: When chemostat samples were plated 
and allowed to incubate before spraying with T5 (delayed selection), the number 
of T5-resistant colonies arising was observed to depend upon the period of incu- 
bation, A characteristic response was observed in tests of samples taken from 
more than a dozen different chemostats. The data in Figure 1 illustrate the general 
features of this response, which is independent of cell strain, medium, or muta- 
gen. Three segments of the curve are discernible: mutant concentrations appear 
constant at first, then rise to a plateau (which seems to be atypically long in 
Figure 1), and finally increase sharply. This response can be understood as the 
accumulation of mutants from three different sources. 

(1) The initial constancy is due to mutations (7m_) that were already expressed 
in the chemostat. When a culture is exposed to mutagen, the magnitude of this 
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Ficure 1.—Accumulation of mutants in a sample taken from a chemostat. E. coli, strain B, 
from a glucose-limited chemostat at 37°C; spread upon iron-supplemented nutrient agar plates 
and preincubated for times shown before spraying with T5, The bars above and below the points 
are calculated values of the standard errors from replicate plate counts or the Poisson standard 
deviation for the total number of colony counts, the larger of these two values being chosen. 


initial level increases steadily, as expected for the accumulation of phenotypic 
mutants. 

(2) The increase to the plateau is the expression of mutation after plating in 
the progeny of cells that were latent mutants (J) in the chemostat. This increase 
should rise to a constant value in a chemostat culture exposed to mutagen since 
latent mutants accumulate to a constant concentration, Z ,, during the steady 
state. The data of Figures 3, 6, and 7 (determined by spraying after a standardized 
incubation period of three hours) are in agreement with these predictions. The 
latent mutant concentration, L, is given by the difference between the correspond- 
ing upper and lower points in each figure. 

(3) The final steep rise can be accounted for by mutations occurring spon- 
taneously upon plates (plate mutants). During the early period of incubation 
plate mutants occur infrequently because of the relatively small number of cells 
upon the plates, and those that do occur probably fail to be expressed until after 
the lag phase. Later, there is an exponential increase in the number of cells in the 
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developing microcolonies. Since the probability of occurrence of a mutation in a 
colony is proportional to the number of cells it contains, the total number of 
mutant colonies increases exponentially. For E. coli B and B/l,try- the time 
required to double the number of cells on nutrient agar is about 20 minutes at 
37°C. This value has been used to fit the final rise in Figure 1. The increase in 
the number of plate mutants at five hours of incubation might be no longer 
exponential because of a reduced division rate due to the overcrowding of cells 
upon the plates, but this would not affect the determination of latent mutant 
concentrations. 

Confidence in this method for the detection of latent mutants is increased by 
the finding that essentially equivalent results were obtained when cells were 
plated upon salts-lactate-glucose agar. The characteristic response was observed, 
although both the latent mutant plateau and the final rise were longer due to the 
slower growth rate of cells upon this medium. Latent mutant concentrations were 
indistinguishable from those determined upon nutrient agar within a standard 
error of about 15 percent, since these concentrations were determined by differ- 
ence between two kinds of plate counts. 

The plateau for latent mutants from a chemostat containing caffeine is rather 
short when the cells are spread upon nutrient agar. Delayed selection experiments 
like that for Figure 1 were performed in order to determine the time at which all 
latent mutants became expressed. The data from several tryptophan-limited 
chemostat cultures of strain B/l,try~ containing 0.45 mg/1 caffeine are plotted in 
Figure 2 in terms of the fraction of latent mutants that had been expressed upon 
nutrient agar plates. According to this figure all latent mutants appear to be 
expressed within three hours. The rapid accumulations of plate mutants there- 
after accounts for the variability observed in the number of latent mutants after 
four hours. Three hours was chosen as the optimum time of incubation before 
spraying. In most experiments a deviation of ten minutes would displace the value 
for latent mutant concentration no more than five percent, less than the usual 
errors involved in plating and counting. 

Accumulation of caffeine-induced mutants in tryptophan-limited cultures: 
Figure 3 displays mutant accumulations in a tryptophan-limited culture to which 
caffeine was added at time zero and is representative of the results of three other 
experiments. The solid circles indicate mutant concentration M and are fitted 
with two straight-line segments intersecting at 3.4 generations, the mean delay 
period for phenotypic expression of T5-resistance (KuBITSCHEK and BENDIGKEIT 
1958). The open circles indicate values obtained by the inclusion of latent mutant 
concentrations L, due to incubation of cells for three hours at 37°C before spraying 
with T5. The points for this curve are also fitted with two straight-line segments 
representing the steady state accumulations of mutants M+ L ,, as discussed 
earlier, and are therefore drawn parallel to their corresponding members in the 
first curve. The steady accumulation of mutants in experiments of this kind agrees 
only with Case I, derived for the simple two-step reaction in which selection, 
segregation, and reversion are absent. In further support of Case I is the constancy 
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Ficure 2.—Expression of T5 resistance for latent mutants from tryptophan-limited cultures. 
Strain B/I, try limited with L-tryptophan, 0.5 mg/l, at 37°C and plated upon iron-supplemented 
nutrient agar. Different symbols represent parallel experiments with different chemostats. The 
data were corrected by subtracting the contribution of mutants expressed initially and of mutants 


induced upon plates. 


of the mean delay period for phenotypic expression at various growth rates 
(KupitscHEK and BENDIGKEIT 1958). 

If the upper accumulation rate in Figure 3 is constant at all times after the 
addition of mutagen and, therefore, if it is representative of Case I, two con- 
clusions follow. First, latent mutants have a growth rate equivalent to that of the 
parent culture. Second, every latent mutant gives rise to a completely resistant 
cell line, without segregation. If either selection or segregation were present the 
rate of accumulation of mutagen-induced latent mutants could not remain con- 


stant. 
A criterion for the constancy of accumulation of the sum of latent and expressed 


mutants is given by the point of intersection of the upper straight-line segments 
(asymptotes M+ ZL ..) in Figure 3. In the absence of segregation or selection 
this intersection should occur precisely at the time of application of the mutagen. 
Our results with tryptophan-limited chemostats give estimated intersections of 0, 
0, 14, and —1% generations, making it unlikely that the true intersection deviates 
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Ficure 3.—Accumulation of caffeine-induced T5-resistant mutants in a tryptophan-limited 
chemostat. Strain B/1,try— limited with L-tryptophan, 0.5 mg/I, at 37°C, generation time 11.4 hr, 
cell concentration about 1.5 x 108/ml. Exposed to 0.45 gm/I caffeine from time 0. @, concen- 
tration M determined for expressed mutants; 0, concentration sum M +- L of expressed and latent 
mutants. Vertical bars above and below the points as in Figure 1. 


as much as half a generation, and therefore, unlikely that segregation occurs. It 
should be noted, however, that we have not ruled out the possibility that the 
latent mutant is born in a segregational division. 

Constancy of caffeine-induced mutation rates in tryptophan-limited cultures: 
Since all latent mutants appear to be expressed at each growth rate, the accumu- 
lation of caffeine-induced mutants should be independent of growth rate if their 
rate of induction is constant. Figure 4 shows the rate of accumulation of a T5- 
resistant substrain designated E (KusirscHeK and BenpicKEI1T 1958) when 
mutations were induced with caffeine in strain B/l,try~. The values shown are 
rates calculated from measurements over periods of 3 to 4 days of frequencies of 
phenotypic mutants from experiments like that represented by the lower curve 
in Figure 3; the spontaneous rate of mutation, 1.4 x 10-*hr“bact, has been 
subtracted. These results are in agreement with constancy of mutation rate. 

Caffeine-induced mutation in glucose-limited and lactate-limited cultures: 
When cultures of E. coli B or B/l,try~ are limited with glucose or lactate, the mean 
delay period does not appear changed (Table 1). However, the rate of accumula- 
tion of mutants becomes proportional to growth rate with lactate, as had been 
previously observed with glucose (KusirscHEK 1960); Figure 5 compares these 
results. Mutant accumulation rates appear to be about 40 percent greater for 


strain B/1,try~ than for B. 
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Ficure 4.—Rates of accumulation of T5-resistant mutants in tryptophan-limited cultures 
exposed to caffeine. Measurements of E. coli strain B/l],try—/5E (KusirscHek and BENDIGKEIT 
1958) at 37°C, growth limited with 0.5 mg/l L-tryptophan, exposed to 0.45 gm/1 caffeine and 
plated upon nutrient agar without iron supplement. The average mutation rate is 5.5 x 10-8 
hr-! bact-! with a standard error of 0.7 x 10-8 hr bact- and has been corrected for the spon- 


taneous rate of 1.4 « 10-8 hr— bact-1. 


In addition, when the proportional response is observed there is an associated 
change in the kinetics of accumulation of mutants at different growth rates. At 
rapid growth rates mutant accumulations are similar to those in tryptophan- 
limited chemostats (Figure 6). At slow growth rates, however, a deviation from 
simple linearity occurs in the accumulation M + L which is best illustrated by 
the data shown in Figure 7: after the addition of caffeine latent mutants first 
accumulate rapidly, later at a more moderate rate. A relatively decreased growth 
rate of latent mutants in more slowly growing cultures would give a similar 
result since latent mutants would have a greater chance of being washed out of 
the culture than would more rapidly dividing cells. However, we would expect 
such a relatively decreased growth rate to be reflected in a longer delay in the 
appearance of the mutant phenotype of these more slowly metabolizing cells. 
Since the mean delay appears rather constant, we interpret these results as the 
failure of expression of some latent mutants, Case III. In view of the difficulty of 
obtaining more accurate data in continuous cultures, confirmation for this loss of 
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TABLE 1 


Mean delay periods for glucose-limited and for lactate-limited chemostats 




















Limiting Growth rate, Mean delay, 

Strain nutrient gen./day generations 
B glucose 24 3.2 
2.1 35 
3.6 2.8 
5.6 3.6 
lactate 2.0 3.5 
4.2 4.0 
6.0 33 
B/I, try glucose 25 3.7 
4.5 3.6 
6.9 3.4 
lactate 4.4 3.4 

Average of all determinations 3.46 (S.E., 0.30) 

Slow growth rates: 
< 3 gen./day 3.5 (S.E., 0.1) 
Rapid growth rates: 
> 5 gen./day 3.4 (S.E., 0.1) 
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Ficure 5.—Comparative rates of accumulation of caffeine-induced T5-resistant mutants of 
E. coli B and B/1,try— in glucose-limited or lactate-limited cultures 37°C, 0.45 gm/] caffeine. 
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Ficure 6.—Accumulation of T5-resistant mutants in a glucose-limited culture exposed to 
caffeine. Strain B/l,try-, limited with glucose, 100 mg/l, at 37°C; generation time 3.5 hrs, cell 
concentration about 108/ml; caffeine added from time 0. @, expressed mutant frequencies M; 
O, sum M-+L of expressed and latent mutant frequencies; MJ, frequencies for expressed E 
mutants (nutrient agar not supplemented with iron). 





latent mutants was sought and found, using ultraviolet light (UV) as the mutagen 
for cultures in which growth had been interrupted (semicontinuous cultures). 

UV-induced mutation in semicontinuous glucose-limited cultures: Figure 8 
shows the accumulation of mutants of strain B in two glucose-limited chemostats 
with initially identical histories. A parent culture was grown in a chemostat (10.8 
hr/gen) in which growth rate was limited with glucose (150 mg/1). Nutrient flow 
was blocked starting one half hour before irradiation with UV. The source was 
a 2.5 cm section of a GE Germicidal Lamp (15 W) at a distance of 117 cm from 
a quartz port (3 cm diam.). The aerated culture (250 ml, 3 x 10® bact/ml) was 
irradiated for 2.5 hr in order to provide a uniform dose. Cell growth was again 
permitted after the culture was used to fill the growth tubes of two smaller chemo- 
stats having washout times corresponding to steady state generation times of 
3.9 hr and 9.7 hr. About half the cells were viable. 
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Ficure 7.—Nonlinear accumulation of mutants at a slow growth rate in a glucose-limited 
culture. Strain B, glucose, 150 mg/l, at 27°C; generation time 12.0 hrs, cell concentration 
2.3 x 108/ml. @, expressed mutant frequency M; O, the sum M + L of expressed and latent 


mutant frequency. 


When nutrients were supplied, cell concentrations first dropped exponentially 
with time as would have been expected for nondividing particles washing out of 
the chemostats. We interpret this decrease as due primarily to a temporary cessa- 
tion of cell division, but not growth, since cell concentrations soon surpassed the 
original concentration within the first mass doubling of these cultures. Even 
approximately steady state kinetics were not reached within the time required to 
wash out one culture volume. We find that the formation of filamentous cells, 
commonly produced in continuously growing chemostat cultures given the same 
dose of UV, is greatly inhibited when resting cultures are irradiated. 

It may be seen from Figure 8 that the loss of latent mutants is displayed clearly 
at the generation time of 9.7 hours; here, at least 30 percent of the latent mutants 
did not give rise to mutant progeny. At the generation time of 3.9 hours, however, 
the loss was much less. Values of the mean delay periods are not accurate enough 
to rule out increased selection against latent mutants at the longer generation 
time: after correcting for the population increase, the mean delay in generations 
was 3.5 + 0.5 at the more rapid growth rate and 4.1 + 0.5 for the slower. How- 
ever, differential selection is made improbable by the observation that the latent 
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mutant frequencies in the two chemostats are quite similar at all times after the 
first few hours. 

In these and other experiments upon the effect of UV in cultures limited with 
glucose, a further parallel to the results with caffeine is the crude proportionality 
which is found between mutant yield and growth rate, Figure 9. The mutant 
yield is defined, customarily, as the increase in expressed mutants attributable to 
UV and is directly comparable to the rate of expression of mutation in experi- 
ments in which mutagen is applied continuously. 


DISCUSSION 


The results presented here provide strong evidence that some latent mutants 
fail to reach expression in slowly growing cultures limited with glucose, and 
moreover, that in these cultures the rate of express:on is proportional to growth 
rate. The linearity of accumulation of latent mutants during rapid growth in 
glucose-limited cultures (Figure 6) implies the absence, here, of both segregation 
and selection. The nonlinear accumulations at slow growth rates would not be 
expected to be due to the onset of segregation from filamentous bacteria, since 
those become increasingly rare as growth rate is reduced, nor, as noted earlier, 
to the onset of selection, since the mean delay period appears unchanged. It was 
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Ficure 8.—Ultraviolet induced mutants at two growth rates. E. coli B at 37°C, limited with 
glucose, 150 mg/l, and plated upon iron supplemented salts-lactate-glucose agar. A, MH, expressed 
mutant frequency for T5 resistance; A, (J, sum of expressed plus latent mutant frequency. 
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Ficure 9.—The yield of T5-resistant mutants as a function of growth rate in glucose-limited 
cultures exposed to ultraviolet light. E. coli B at 37°C. Data corrected to a period of one hour of 
irradiation under conditions described in text. 


noted also that the loss of UV-induced latent mutants is unlikely to be due to 
differential selection because of the similarity in latent mutant frequencies. 
Furthermore, another possibility for the loss of latent mutants is that it arises 
from a growth-rate-dependent artifact in plating. However, such an artifact 
would not be expected to occur, as has been observed, (a) upon two markedly 
different plating media, (b) when cultures are limited with glucose or lactate, but 
not when they are limited with tryptophan in otherwise identical media, and (c) 
without disturbing the time of onset of the latent mutant plateau in experiments 
of the kind shown in Figure 1. These characteristics show that mutants expressed 
after plating carry little information about their earlier physiological history. 

The most likely interpretation for the loss of latent mutants is that some of these 
cells do not express the mutant phenotype in the chemostat. This loss occurs 
because of one or more of the following: interruption of the chain of events which 
would normally lead to establishing mutation (premutational damage), reversion 
of the genetically-established mutation, or death of the latent mutant. These are 
the usual interpretations which have been advanced to explain the decrease in 
mutant frequency obtained after secondary treatments of bacteria that had been 
exposed to UV (see Wirk1n 1958). The hypothesis of premutational damage and 
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its repair has also been proposed to explain results with paramecia exposed to one 
of several kinds of radiation (Kimpa.., GAITHEeR and PerpuE 1960). The earlier 
postulate of premutational damage (Wirkin 1956, 1958; DoupNEy and Haas 
1958) had a requirement of metabolism to induce mutation. 

A clear distinction between these and other hypotheses is not yet available, 
partly because previous studies have not distinguished between concentrations of 
latent mutants and those already phenotypically expressed. Attempts to deter- 
mine latent mutant concentrations by “chloramphenicol challenge” or by infer- 
ence from the time-course of expression of mutations upon various media are 
ever subject to the questions of the presence of selection and segregation, com- 
pounded by the accretion of plate mutants. That these procedures, by now more 
or less customary, can give rise to ambiguous interpretations may be seen clearly 
by a consideration of the results presented in Figure 8. In the absence of a knowl- 
edge of either expressed mutant concentration M or the sum of mutant concen- 
trations M+ L it would be impossible to determine from these measurements 
whether yields were changed as a result of premutational or postmutational 
processes. 

The correspondence demonstrated in our experiments between UV-induced 
and caffeine-induced mutation confirms and extends the similar finding by K1m- 
BALL, GAITHER and Witson (1959) of a common “reversible” step (death is not 
ruled out) in the mutational process induced with UV, X-rays, or alpha particles. 
In addition we have observed loss of x-ray-induced latent mutants in glucose- 
limited cultures. The similarity of the results with widely different mutagens 
may well arise because the mutations studied have in common rather lengthy 
terminal stages for the development of the newly-forming mutant. Early stages 
of induction would be expected to be rather different for mutagens as dissimilar 
as UV and caffeine, but changes in growth rate apparently have little effect upon 
them. 

For our results the copy-error hypothesis of mutation is untenable in its 
original form. Without the addition of further assumptions the error hypothesis 
would predict at most the finding for glucose-limited and for lactate-limited cul- 
tures that mutation rate (or mutant yield) is proportional to growth rate. The 
error hypothesis fails to provide satisfactory explanation for the following cbser- 
vations. 

Induction of mutation is independent of growth rate in tryptophan-limited 
cultures: Unmodified, the copy-error hypothesis predicts mutation to be induced 
at a rate proportional to growth rate, and in the absence of loss or reversion, the 
rate of accumulation of phenotypic mutants would also be proportional to growth 
rate. Instead, the constancy of the rate of expression observed in tryptophan- 
limited cultures of B/1,try~, along with the equivalence between the rate of induc- 
tion and the rate of mutation, gives evidence for the constancy of the rate of 
induction of latent mutants. 

Induction of mutation in glucose-limited cultures is not proportional to growth 
rate: The ratio of the rate of accumulation of latent mutants just after adding 
caffeine to the rate of accumulation of phenotypic mutants (i.e., rate of induction/ 
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rate of expression) is largest for the most slowly growing cultures. Since the rate 
of expression of mutation is proportional to growth rate, the rate of induction 
cannot be proportional but might well be constant. Thus the prediction of the error 
hypothesis fits accidentally: the prediction would be for increased expression 
resulting from increased induction at the more rapid rates of replication. 

Our results support a unitary hypothesis previously given specifically for 
cultures limited with tryptophan or with glucose (KuBirscHEK 1960): latent 
mutant frequencies are independent of growth rate in continuously growing 
cultures; when loss of latent mutants occurs the probability of expression of a 
latent mutant is proportional to growth rate. 

In tryptophan-limited cultures this hypothesis is consistent with the constancy 
of the rate of accumulation of caffeine-induced mutants at different growth rates 
(unit probability of expression) and with the linear accumulation of mutants 
after addition of caffeine to the growth medium. In glucose-limited cultures it is 
consistent with the growth-rate proportionality of expression of mutation found 
with caffeine and with UV, and with the loss of UV-induced latent mutants and 
the kinetics of accumulation of caffeine-induced latent mutants. 

If this unitary hypothesis be accepted, then the primary problem for kinetic 
models of mutation is the nature of the growth rate independence of induction of 
latent mutants. The most direct explanation would be that genetic material is 
modified after its formation rather than during the replication process. Constancy 
of rate of induction would then follow from constancy of amount of functional 
genetic material. A possibility might be base pair changes in deoxyribonucleic 
acid (DNA) during a time (replication?) when it is especially accessible to base 
analogs resulting from the application of the mutagen. Conversely, if mutagen 
could be shown to affect DNA directly then the constancy of induction would 
require the constancy of functional genetic material. If, on the other hand, func- 
tional genetic content were shown to vary with growth rate despite constancy of 
delay and of mutation rate, then a more sophisticated kinetic model would be 
required. In this case mutation might be due to an error during the production of 
new DNA but not the single-stamping error of template DNA upon replication. 

Whether genetic content remains constant or varies, there is no need to assume 
a kinetic model in which the probability of mutation remains constant over a 
division cycle. Constancy of mutation would result provided only that the prob- 
ability of mutation were always the same function of the stage of the cycle which 
could be expanded or contracted uniformly to fit different growth rates (i.e., 
mutation rate is describable at all growth rates by the same Fourier function 
applied between birth and death of the cell by fission). The probability of induc- 
ing a mutation during a division cycle would then be proportional to growth rate, 
agreeing with the constancy of induction rate in tryptophan-limited cultures. 

Finally, we noted earlier the absence of segregation of the mutational potential 
or character, but the possibility that the latent mutant arises during an initial 
segregational division cannot be ruled out. Mutational heterozygotes of this kind 
have been demonstrated clearly in bacteriophage (see, for example, Prarr and 
Stent 1959). Although our studies permit a bipartite replication structure, 
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absence of segregation in ]atent mutants rules out greater complexity: there can 
be no more than two groups of nuclear strands capable of independent mutation 
if nuclear polyteny occurs. Thus our data provide kinetic evidence, quite apart 
from cytological considerations of structure, that E. coli B and B/l,try~ inherit 
single functional nucleoids during exponential growth in the chemostat. 


SUMMARY 


A method of delayed selection of cells resistant to bacteriophage T5 has been 
applied to chemostat cultures of Escherichia coli, strains B and B/1,try~, as an 
assay for latent mutants, cells phenotypically wild, but in which the mutational 
process has been initiated. The kinetics of expression of mutation are dependent 
upon the nutrient used to limit growth rate, but appear rather independent of 
the mutagen. 

With tryptophan-limited cultures, no selection or segregation was observed in 
latent or expressed mutants, and the rate of accumulation of caffeine-induced 
mutants appears independent of growth rate. Furthermore, every latent mutant 
appears to give rise to completely mutant progeny lines at a later time, providing 
kinetic evidence that cells of E. coli B/|,try~ inherit single functional nucleoids. 
However, when glucose or lactate is used to limit growth rate, the fraction of 
latent mutants which becomes phenotypically expressed appears proportional to 
growth rate. This proportionality results from the growth-rate dependence of 
expression of mutation and not from a growth-rate dependence of induction. 
Corresponding results are obtained for glucose-limited cultures when UV is the 
mutagen. 

The kinetics of accumulation of latent mutants and expressed mutants make 
the copy-error hypothesis improbable (in the sense that mutation is an error in 
template replication) or would require its modification. These kinetics are 
summarized in a unitary hypothesis: In continuous cultures induction of muta- 
tion is not dependent upon the growth rate of the culture. Expression can 
also be independent of growth rate (tryptophan-limited cultures), but when it is 
not, expression is proportional to growth rate (glucose-limited or lactate-limited 


cultures). 
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| 2 emp to biological systems resulting from X-radiation has commonly 

been observed to be greater by a factor of two or three when oxygen is present 
during irradiation (THopay and Reep 1947; Baker and Eprncron 1952; 
Howarp-FLANpeErs 1957). This is often referred to as the oxygen effect. When 
bacteria are irradiated under anaerobic conditions in an environment containing 
0.8 percent nitric oxide in nitrogen, damage, as measured by colony counts of 
survivors, is at approximately the same level as it would be in the presence of 
oxygen at a comparable concentration (Howarp-FLanpers 1957). Data of 
Howarp-FLanpers and Jockey (1960) indicate that nitric oxide and oxygen 
are comparable molecule for molecule in increasing radiosensitivity. Powers, 
Wess and Kateta (1960) have found that in a dry system, such as a bacterial 
spore, however, increased concentrations of nitric oxide present during irradiation 
cause a corresponding decrease in the radiosensitivity of the spores, whereas 
oxygen under similar conditions causes increased damage at increased concen- 
trations up to ten percent. Tests have been carried out with nitric oxide concen- 
trations ranging from 0.1 percent to 90 percent (Powers, Kateta and WEBB 
1959). These workers suggest that in irradiated wet systems, such as bacteria, 
the enhancing of damage which has been observed when nitric oxide is present 
may be due, in part, to a quenching of fluorescence which is similar to the action 
of oxygen; nitric oxide has, in addition, other enhancing effects which are differ- 
ent from the action of oxygen, such as reactions with irradiated water to form 
harmful products. In the irradiated dry system, however, nitric oxide, perhaps 
by reacting with irradiation-induced free radicals to form unreactive complexes, 
has a net protective effect. 

In the following experiments genetic damage resulting from irradiation in the 
presence of nitric oxide was studied in Drosophila. The numbers of dominant 
lethals produced in D. virilis males and the numbers of recessive sex-linked lethals 
produced in D. melanogaster males were used as measures of the genetic damage. 
The frequency of lethals resulting from a dose of 1000r of X-irradiation in the 
presence of three percent nitric oxide in helium is compared to (a) the frequency 
of lethals obtained from control flies receiving a similar dose of irradiation in 100 
percent helium and (b) the frequency of lethals obtained from nonirradiated flies 
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held in the same nitric oxide-helium mixture for the same length of time. Control 
tests were run on nonirradiated flies held a similar period of time in 100 percent 
helium. The numbers of dominant lethals produced by a dose of 1000r in the 
presence of three percent oxygen in helium were also determined. 


MATERIALS AND METHODS 


The gas mixtures in which the flies were treated were collected over water by 
displacement. The concentration of nitric oxide was not more than four percent 
and not less than three percent. The flies in all tests were held in 100 percent 
helium for ten minutes before and after a 20-minute exposure to the gas or gas 
mixture used for treatment. Ten minutes after the introduction of the gas or 
mixture used for treatment the flies in the irradiated tests were given 1000r of 
X-rays with a Westinghouse quadrocondex constant potential machine operated 
at 250 kv and 15 ma with 0.5 mm Cu and 1 mm AI filters. Dose rates as determined 
with a Victoreen r-meter ranged from 440 to 480r’s per minute. Flies irradiated 
in gas mixtures were treated at atmospheric pressure; flies in the 100 percent 
helium tests, however, were treated in a pressure chamber at 11 atmospheres for 
40 minutes, those which were irradiated receiving a dose of 1000r after 20 
minutes. 

The dominant lethal egg development technique, as described for D. virilis by 
Canc, Witson and Stone (1959) was used in tests for the production of domi- 
nant lethals. Males were treated 24 hours after eclosion and mated to three virgin 
females for a five-day maturation period, after which each male was then remated 
to three virgin females at two-day intervals for 16 days. These consecutive two- 
day periods, designated A, B, through H (Table 1 and Figure 1) represent sperm 
at different developmental stages at time of treatment. Egg counts were made 
from the females from each mating period, and those eggs which failed to develop 
into adults were scored as dominant lethals. The Muller-5 technique was used 
in the tests for the production of recessive lethals in mature sperm. Details of 
both techniques are described by CHanc, Wixson and Stone (1959). 


RESULTS 


The results (Table 1 and Figure 1) show clearly that nitric oxide and irradi- 
ation are synergistic in producing genetic damage as measured by the production 
of dominant lethals. In periods D through H the frequency of dominant lethals 
resulting from treatment with 1000r in the presence of three percent nitric oxide 
was greater than the sum of the frequencies of dominant lethals obtained in the 
two controls (irradiation without nitric oxide and nitric oxide without irradia- 
tion). The presence of three percent oxygen during irradiation, however, caused 
no more damage than occurred when irradiation was carried out in pure helium. 
In period C of the unirradiated nitric oxide control the data were not sufficient for 
comparison, and comparison could not be made in periods A and B because, with 
one exception (see below), no eggs were laid in these periods in the nitric oxide 
tests. This is indicative of failure of fertilization in D. virilis. 
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TABLE 1 


Numbers of dominant lethals produced in D. virilis under the various conditions indicated 














Conditions Development A B Cc D E F G H Totals 
(1) 100% He Eggs 3634 5110 4833 4296 2841 2468 2647 2163 27992 
1000r X-ray Pupae 2893 3716 3672 2591 1860 1985 2044 1929 20690 
% lethals 20.4 27.33 240 39.7 345 196 228 108 26.1 
(2) 3% NOinHe Eggs 0 0 50 753 844 521 267 344 2779 
no X-ray Pupae 0 0 29 698 765 479 257 333 2561 
% lethals 0.0 00 42.0 7.3 94 8.1 38° «CS 7.8 
Sum of % 
lethals in 20.4 27.332 66.0. 47.0 43.9 27.7 266 140 33.9 
conditions 
(1) and (2) 
(3) 3% NOinHe Eggs 0 0 1151 663 1985 2567 1570 816 8752 
1000r X-ray Pupae 0 0 568 304 634 760 796 624 3686 
% lethals 0.0 O00 50.7 541 681 704 49.3 23.5 57.9 
(4) 100% He Eggs 1319 1992 1034 2707 3960 714 1252 549 13527 
no X-ray* Pupae 1242 1904 982 2405 3588 685 1179 511 12496 
% lethals 5.8 44 50 112 96 41 5.5 6.9 5.8 
(5) 3% O,inHe Eggs 3398 3089 3129 3713 1995 2596 1755 1734 21409 
1000r X-ray Pupae 2844 2326 2488 2088 1306 2081 1545 1496 16174 
% lethals 16.3 247 205 43.8 345 198 -12.0 13.7 245 





* Witson, unpublished data. 


Dissection of both males and females from periods A through D in one nitric 
oxide control revealed an absence of sperm in the spermathecae and an almost 
complete absence of mature sperm in the testes of flies from periods A and B. In 
this one control, in which egg counts were not made, eggs were laid in periods A 
and B, as well as in periods C and D. None of these eggs from periods A and B 
developed. The experiment was discontinued after period D, all the males having 
been dissected. 

This absence of sperm in the first two mating periods when males have been 
exposed to nitric oxide is interpreted as evidence that nitric oxide, independent 
of radiation, causes a delay in development of the germ cells. This delay is re- 
flected in the absence of eggs in periods A and B (Table 1 and Figure 1) when 
males had been exposed to nitric oxide. The delay of germ cell development is 
also evident in the apparent shift to the right of the F, survival curves (Figure 1), 
the low point, which characteristically occurs in D, appearing two periods later 
in F in the nitric oxide tests. 

The results of the tests for the production of sex-linked recessive lethals in 
mature sperm (Table 2) are in general agreement with the dominant lethal tests 
in that more damage resulted from X-rays when nitric oxide was present, but the 
effect of the nitric oxide was not so pronounced, and the data are not sufficient 


to be conclusive. 
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Ficure 1.—Frequency of dominant lethals in Drosophila virilis plotted as survival curves. 


DISCUSSION 


These findings, that nitric oxide when present during irradiation enhances 
radiation damage as measured by genetic changes in Drosophila, are in agree- 
ment with the earlier observations reported by Howarp-FLanpers (1957), who 
measured radiosensitivity by killing of bacteria. These Drosophila experiments 
do not, however, suggest a one-to-one correspondence of nitric oxide with oxygen 
in this respect. In tests with D. virilis nitric oxide caused a large increase in the 
frequency of X-ray-induced dominant lethals at an external concentration at 
which oxygen produced no effect (Table 1 and Figure 1). These results, then, 
are in agreement with the proposition of Powers et al. (1960) that nitric oxide, 
when present in a wet system during irradiation, produces damage, at least in 
part, by a mechanism which is not like that of oxygen. 
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TABLE 2 


Frequencies of sex-linked recessive lethals in the progeny of D. melanogaster 
males treated as indicated 











Conditions Lethals Nonlethals Percent lethal 
100% He, 1000r X-ray 16 927 Ie 
3% NO in He, no X-ray 0 175 0.0 
3% NO in He, 1000r X-ray 21 712 2.9 
100% He, no X-ray 0 240 0.0 

SUMMARY 


Nitric oxide present during irradiation at a concentration of three percent in 
helium enhanced genetic damage resulting from 1000r of X-rays. Damage was 
measured by the production of dominant lethals in Drosophila virilis and sex- 
linked recessive lethals in Drosophila melanogaster. Under similar conditions 
three percent oxygen in helium showed no effect on the production of dominant 
lethals by X-rays. Nitric oxide had the additional effect, independent of irradia- 
tion, of delaying development of germ cells in Drosophila virilis. 
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a HE genetic hazards of ionizing radiations are the subject of much concern 
and controversy, and the need for more information on the inheritance of 
radiation-induced sublethal mutations in mammals has been stressed by the 
REPORT OF THE UNITED NATIONS SCIENTIFIC COMMITTEE ON THE 
EFFECTS OF ATOMIC RADIATION (1958). There is increasing evidence that 
many mutations may have slight dominant deleterious effects, which may culmi- 
nate in a greater population damage than the lethal effects of homozygous muta- 
tions (RussELL, Russet, and Oaxserc 1958). The possibility of reducing the 
reproductive efficiency of a population to such an extent as to cause its genetic 
death by accumulation of radiation-induced genetic damage (dominant dele- 
terious effects or a fixation of recessives) through many generations is not beyond 
comprehension. 
The study described here was designed to determine the heritability of radia- 
tion damage in terms of reproductive performance in the RFM strain mouse. 


METHODS 


The population of mice used in this study originated from a single pair of the 
RFM strain.* Two males and two females from one litter of the parent generation 
were paired as shown in Figure 1. These matings were referred to as F; genera- 
tion mice. The male of one sibling pair was given 200 rads of X-rays at 28 days 
of age and mated to his unexposed sister. Each succeeding generation of male 
mice in the experimental line was given 200 rads of X-rays at 28 days of age and 
sib-mated to unexposed sisters. Progeny for continuing the irradiated series were 
conceived as early as 25 days and as late as 120 days after irradiation of the sire. 
Males and females in the control line were mated in the same manner as in the 
experimental line but received no X-ray treatment. 

The sixth generation of mice (F,) was divided into four groups (Figure 1), 
two from the experimental line and two from the control line. Twenty-five sib- 
pairs each from the experimental line (Group I) and the control line (Group III, 
Figure 1) were retained for life span and reproductive performance observations. 
None of these animals received X-ray exposure; however, Group I accumulated 


1 Work performed under the auspices of the U.S. Atomic Energy Commission. 


2 Theoretics Division, LASL. 
3 The nucleus of the colony of RFM mice used at this Laboratory has been brother-sister mated 
for 40 generations and was furnished by Dr. A. C. Upron of the Biology Division, Oak Ridge 


National Laboratory. 
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1000 rads per sib-pair through the germ line. Nine breeding characteristics 
(Table 1) were observed in the experimental and control groups. The other two 
groups (II and IV, Figure 1) were mated to continue the experiment through the 
F,, generation, at which time the experimental line will have accumulated 2000 
rads of X-rays per sib-pair through the germ plasm. 

X-rays were provided by a Maxitron 250 with a beryllium window tube under 
the following conditions: voltage, 250 kvp; filament current, 30 ma; filtration, 
Thoraeus II; HVL, 2.6 mm Cu; target-to-specimen distance, 60 cm. Dose measure- 
ments were made with a Victoreen 100r chamber at the midline of a Lucite mouse 
phantom. The Victoreen readings were corrected for pressure and temperature 
and converted to tissue dose in rads by the conversion factor of 1r = 0.96 rad. 

Analyses of the breeding characteristics observed are shown in Table 1. The 
continuous data (Characteristics 1, 2, 3, 7, 8, and 9, Table 1) were tested by the 
t test, and the discrete data (Characteristics 4, 5, and 6, Table 1) were tested 
by the x* (chi-square) contingency table test. Under the t test, the hypothesis 
tested was the null hypothesis: mean of control group = mean of experimental 
group (H,:¢ = me) versus the alternate hypothesis: mean of the control group + 
mean of experimental group (H.:“- me). Under the x? tests, the hypothesis 








9. (a) Average weaning 
weight (weaners) ¢ =482""* 11.06 9.77 
(b) Total weaning 
weight (weaners) t =1,56 305.92 238.81 


19 0.75 0.76 


TABLE 1 
Analysis of observed reproductive performance characteristics 
Test Average Number _ Variance 
Characteristics t or x? Control mental Control mental S.? -_ 

1. Age at first litter 

(producers) t =04 80.96 83.36 25 22 124.21 293.39* 
2. Age at last litter 

(producers) t =i 263.64 237.59 25 22 6,007.21 8,970.68 
3. Reproductive life 

(producers) ‘=125 182.64 154.36 25 22 6,103.36 8,988.08 
4. Number of conceptions 

(a) producers x? = 1.12 5.32 4.91 25 22 4.56 10.45* 

(b) all female mice x? = 2.36 5.32 4.32 25 25 4.56 9,14 
5. Number mice born 

(a) producers x? = 2.06 31.96 29.42 25 19 155.64 272.04 

(b) all female mice x? = 4.66 31.96 22.56 25 25 155.64 360.17* 
6. Number mice weaned 

(weaners) = = 16) 27.60 24.74 25 19 154.42 226.43 
7. Average litter size 

born (producers) t =75 6.90 6.25 25 19 1.09 2.09 
8. Average litter size 

weaned (weaners) Y =151 6.42 5.75 25 19 0.72 1.81* 

25 
25 


19 19,409.62 20,491.92 





* Significant at 5 percent level. 
** Significant at 1 percent level. 
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tested was (H,):ratio of groupings independent of sample versus (H):ratio not 


independent. 
In addition to these tests, sign tests were performed on the change in sign from 
control to experimental of the mean and variance. An F test was also performed 


on the ration - ome (S.?/S,.7) for all 12 characteristics (Table 1). 
variance of experimental 





RESULTS 


For this analysis, the column groupings in the x” test were made with the point 
in mind of having at least three observations per cell, concurrent with the fact 
that there was a quantity of missing data, dead or sterile mice, incomplete litters, 
etc. On looking at Table 1, it can be seen that one (No. 9 average weaning weight) 
of the 12 t and x* tests and four of the 12 variance ratio tests were significant. 
Both of the sign tests, mean and variance, were significant. The sign tests 
showed a decrease in mean and an increase in the variance of the irradiated group 
as compared to a control group. The increase in variance is statistically significant 
as shown by the fact that four of the 12 F tests were significant. 

Based on the assumption that the present differences between the control and 
experimental means could be considered significant, the number of pairs of mice 
that should be tested to detect all significant differences were found to be approxi- 
mately 200 each per control and experimental groups. 


DISCUSSION AND CONCLUSIONS 


Although only one of the 12 t and x? tests were statistically significant, by 
looking at the other t and x? values, using the F and sign tests, and upon examina- 
tion of the data, it was concluded that 200 rads of X irradiation delivered to the 
male mouse for five consecutive generations produced heritable genetic damage 
sufficient to affect the breeding characteristics of their offspring significantly. It 
was observed that: (a) All control mice were productive, while experimental 
mice had three nonproductive males and one nonproductive female. In addition, 
each pair of control mice had at least two litters, while three pairs of experimental 
mice produced only one litter and three pairs produced no litters (x,? = 6.82, 
significant). (b) Every pair of control mice weaned at least one litter, while six 
pairs of experimental mice weaned no litters (x,? = 6.82, significant). (c) Experi- 
mental mice destroyed more of their litters than control mice (x,? = 5.15, sig- 
nificant). (d) It was noted that the mean of the experimental group was less 
than:the mean of the control group for all characteristics where a reduced mean 
value could be construed as a decrement to reproductive performance. (e) It was 
also noted that the variance of the experimental group was greater than the 
variance of the control group for all 12 characteristics. This was verified by the 
sign test to be significant. Four of the 12 increases were found to be significant, 
and this number is greater than one would normally expect. 

A frequent observation in this and other studies at this laboratory is the striking 
effect of the inheritance of deleterious factors affecting lactation and the mother 
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instinct of females from irradiated sires. Although no attempt has been made to 
isolate the loci responsible for these characteristics, it is apparent that the genetic 
complex involved in lactation is relatively rad‘ation-sensitive. The life span data 
on the F, generation are incomplete at this time; however, there are strong indi- 
cations that a significantly shorter life span in the experimental group, compared 
to the control group, might be expected. Assuming that genetic damage increases 
linearly with increased radiation dosage, one could predict from these data what 
might be expected from exposures of a lesser or greater magnitude to any genera- 
tion desired. However, since the 11th generation is now under study, prudence 
dictates patience. 


SUMMARY 


The heritability of radiation damage from five generations of X-irradiated 
male mice was observed in terms of the reproductive performance of their unir- 
radiated F, offspring. Nine characteristics of reproductive performance were 
observed. Although only one of the nine characteristics was statistically signifi- 
cant, the other t and x* values and results of F and sign tests warranted the con- 
clusion that 200 rads of X irradiation, delivered to the male mouse for five con- 
secutive generations, resulted in heritable genetic damage to the unexposed F, 
generation. 
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ENETICALLY determined “‘asynapsis” has been described many times in 

a variety of plants. Asynapsis has also been reported in nullisomic oats by 
Husxkins and Hearne (1933), in monosomic corn by Morecan (1956), and in 
wheat carrying an extra rye chromosome by SapanaGa (1957). The term asynap- 
sis has been applied to pairing failure observed mainly in the late meiotic pro- 
phase or metaphase. Although varying amounts of pairing failure have been 
noticed at pachytene in asynaptic material, detailed analysis of pairing behavior 
at this stage has been conspicuously absent, probably because of the usual diffi- 
culty of such a study. Macurre (1960) found variable and usually terminal 
pachytene pairing failure followed by normal behavior at diakinesis and meta- 
phase in disomic corn of advanced backcross to corn generations of a corn-Tripsa- 
cum hybrid. Statistically significant positive correlations were found in this latter 
study for relative chromosome length with frequency and extent of pairing 
failure, and significantly more failure was found in later stages of pachytene. It 
was suggested that the pairing failure observed might be due to irregular dissocia- 
tion in a slightly unbalanced chromosome complement. 

Since pachytene pairing failure, most commonly but not exclusively involving 
the satellite arm of chromosome 6, is occasionally seen in corn stocks otherwise 
apparently normal, it was not known to what extent the backcross material 
described above might be considered unbalanced or abnormal. Also since a com- 
paratively large amount of pairing failure was found in a reg:on known to be 
heterozygous for a partially homologous Tripsacum segment, it was wondered 
whether the pairing failure, and the homology difference, of this region could be 
attributed in part at least to unusually extensive genetic heterozygosity. 

As a partial approach to these problems pachytene pairing failure was studied 
in two inbred lines and their hybrid. The results are reported in this paper. 


MATERIALS AND METHODS 


The stocks studied were two vigorous corn belt inbreds, L289 and 1205 and 
their hybrid. These were selected because of their excellence of chromosome 
spread in pachytene smears and because they comprise part of the genetic back- 
ground of the corn-Tripsacum backcross progenies of the previous study. Seeds 
of these stocks were planted simultaneously in three lots side by side. Micro- 

1 This work was supported by National Institute of Health Grant Number RA-6492 and by 
National Science Foundation Grant Number G7068. 
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sporocyte samples were collected at the same time of day (midmorning) from 
all plants (14 from L289, seven from I205 and 13 from L289/1205). The samples 
were fixed in alcohol-acetic 3:1 mixture and refrigerated until examined micro- 
scopically in acetocarmine smears. At least 100 cells (and usually more) were 
examined from each plant from first flowers of spikelets from central regions of 
tassel branches. The three anthers from each flower were examined separately. 
In some cases only one spikelet from a branch and only one branch from a sample 
contained the appropriate stage so that study was limited to three anthers. In one 
sample five branches were studied. Slides were systematically scanned so that all 
or nearly all cells were examined, and records were kept of the number of detect- 
able terminal and intercalary pairing failures which occurred in each cell. Extents 
of pairing failure were not studied so that in each case fewer than five percent 
of cells were unclassifiable. Although individual chromosomes involved in pairing 
failure could sometimes be identified by markers, no effort was made in this study 
to identify them by means of arm ratios and relative lengths. In most cases where 
immediate identification was possible the chromosome region involved in pairing 
failure was the satellite arm of chromosome 6, and in almost all cells it was pos- 
sible to determine whether there was failure in this region. In all cells where 
chromosome 6 appeared flat with no stretching or foreshortening and could be 
accurately traced, camera lucida drawings were made of it with uniform settings 
of camera lucida and drawing board so that length comparisons could be made. 

Nonparametric statistical tests were applied to the data, which obviously 
deviate from normal distribution. 


RESULTS 


In Figure 1 the cumulative percent frequency distributions of pairing failure in 
the satellite arm of chromosome 6 (called 6S) are shown among different plants 
of the three stocks. Similar distributions for pairing failure not involving chromo- 
some 6S (called non 6S) are shown in Figure 2. 

The total fractions of cells in which 6S pairing failure occurred were 83/2454 
for L289 (3.4 percent), 7/985 (0.7 percent) for 1205 and 55/2005 (2.75 percent) 
for the hybrid. The total fractions of cells in which non 6S terminal pairing 
failure occurred were 65/2454 (2.65 percent) for L289, 20/985 (2.0 percent) for 
1205 and 7/2005 (0.35 percent) for the hybrid. In chi-square tests total 6S failure 
was significantly greater at the 0.5 percent level in L289 than in I205 and simi- 
larly greater in the hybrid than in 1205. However, total 6S failure did not differ 
significantly at the ten percent level between L289 and the hybrid. Total non 6S 
pairing failure was significantly greater at the 0.5 percent level in both L289 
and 1205 than in the hybrid while the difference between L289 and 1205 was 
not significant at the ten percent level. 

Rank difference correlation tests were run among samples from L289 and 
1205 plants between percentages of cells showing 6S failure and percentages of 
cells showing non 6S pairing failure. In L289 the rd (rank difference correlation 
coefficient) was +0.48 which is significant at the ten percent level, while the rd 
for 1205 was +0.39 which is not significant at the 20 percent level. In the hybrid 





HETEROZYGOSITY AND PACHYTENE PAIRING 137 


oor 


90r 


3) a) N 
oO ° ° 
T T T 


sy 
°o 
T 


cumulative percent frequency 


30F 


20r 











rt i 1 1 —— — << 4 —* 


o'2bFesetrteérevpspebpt & es 2 eS 





percent cells with 6S pairing failure 


Ficure 1.—Cumulative percent frequency distributions of 6S pairing failure among the 
various plants of L289, I205 and the hybrid. 


the only non 6S pairing failure found occurred in three plants which also showed 
the highest 6S failure. It appears that while a part of the variation of pairing 
failure in chromosome 6S may be a response to the same factors influencing 
pairing failure elsewhere, a large part of its variation is probably due to separate 
factors. 

The L289 samples differed from both 1205 and the hybrid in that late stages 
of pachytene were found in which the chromosomes were comparatively short. 
The greatest amounts of terminal non 6S failure were found in the four slides 
studied at this late pachytene stage (12, 29, 35, and 36 percent of cells), while 
the amount of 6S failure did not seem to differ consistently in these slides from 
that found elsewhere (0, 3, 0, and 9 percentages of cells). 

In a sample from an L289 plant where it was possible to make a comparatively 
large number of camera lucida drawings of chromosome 6, the length of this 
chromosome with pairing failure in the satellite was compared to its length where 
there was no such pairing failure. The average length of chromosome 6 in six 
cells with satellite failure was the same (42 ») as the average length of chromo- 
some 6 in 28 cells where there was no satellite failure. The cumulative percent 
frequency distributions of the lengths of chromosome 6 with and without satellite 
pairing failure are also similar as shown in Figure 3. The frequency of 6S failure, 
therefore, did not seem to change during this stage of pachytene (mid). 
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among the various plants of L289, 1205 and the hybrid. 





Further observations of this experiment were similar to those reported pre- 
viously by Macurre (1960) for corn-Tripsacum backcross progenies in the 
following respects: 

1. Intercalary pairing failure was in all cases more rare than terminal pairing 
failure. In L289 intercalary failure was found only in the four plants with the 
greatest amounts of non 6S terminal failure, and three of these also showed the 
greatest 6S failure. The percentages of cells with intercalary failure in these four 
plants were 23.8, 11.0, 2.7 and 1.5. Intercalary failure was found only in one 
plant of I205 (in 2.8 percent of its cells) and in one plant of the hybrid stock (in 
3.0 percent of its cells), and in both of these cases the plants showing intercalary 
failure showed the greatest amounts of non 6S and 6S terminal failure. In most 
cells where intercalary failure was found it occurred only once. 

2. Cells in which more than one terminal failure occurred were generally 
somewhat more frequent than expected if failures are assumed to be independent 
and equally probable. In L289, 0.49 percent of cells had two failures, and 0.12 
percent had three failures. On the basis of random distribution (following the 
analysis used previously) 0.16 percent and 0.0026 percent would be expected to 
show two and three failures respectively in L289. In 1205, 0.2 percent of cells 
had two failures where 0.033 percent would be expected. No cells were found in 
the hybrid with more than one failure although about one would have been 
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expected. The assumption that failures are equally probable appears invalid since 
the frequency of failure found for chromosome 6S was in all cases substantially 
more than 1/20 of the total (particularly in L289 and the hybrid). It also seems 
likely that failures are mutally dependent on environmental conditions rather 
than independent. 

3. Intraplant variability in pairing failure was often large and usually equiva- 
lent to the maximum percent found since usually at least one anther showed no 
pairing failure. It is questionable whether any plant would have been scored as 
failure free if larger samples could have been studied. Anthers from the same 
flower differed in non 6S failure by as much as 40 percentage units and in 6S 
failure by as much as ten percentage units. Maximum differences between totals 
for branches within a plant sample were 35 percentage units for non 6S failure 
and 14 percentage units for 6S failure. Maximum differences between plant totals 
were 26 percentage units for non 6S failure and ten percentage units for 6S failure. 

4. Plasmodial sporocytes were found in one of the stocks (L289). 

The material studied differed from “asynaptic” corn described by BEADLE 
(1933) since diakinesis, metaphase and anaphase appeared completely normal. 


DISCUSSION 


The results demonstrate that chromosome pairing failure at pachytene occurs 
in certain inbred corn stocks with appreciable frequency although considerably 
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Ficure 3.—Cumulative percent frequency distributions of the length of chromosome 6 with 
terminal pairing failure in the satellite and without such pairing failure. 
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less often than in the backcross progeny from corn-Tripsacum hybrids previously 
studied where at least one terminal failure was found in 38 percent of cells. A 
strong environmental influence seems probable in all cases. 

Pairing failure of the satellite arm of chromosome 6 seems to differ in its distri- 
bution from non 6S failure with similar amounts occurring in L289 and the 
hybrid and much less in 1205. Similar amounts of non 6S failure were found in 
the two inbred lines with much less in the hybrid. A number of genetical inter- 
pretations of the results are conceivable. The simplest of these is as follows: 
Increased pairing failure of 6S may depend on a dominant gene homozygous in 
L289 (and heterozygous in the hybrid), while increased non 6S pairing failure 
may be the result of homozygous recessives in the two inbreds which are non- 
allelic and therefore covered by normal dominants in the hybrid. The expressivity 
of such genes would be low and variable. Such an interpretation must be offered 
as tentative not only because other explanations exist, though these are more 
complex, but also because it rests on the assumption that comparable groups of 
samples were studied from the three stocks. The amount of failure found in a 
sample may depend on precise conditions prevailing at or before collection, and 
samples were necessarily collected on different dates. Figure 4 shows the per- 
centages of 6S and non 6S pairing failure found in samples collected on various 
dates from the three stocks. The time elapsing between collections which occurred 
on the same date was in no case more than ten minutes. Although seven samples 
were collected on May 25, no non 6S pairing failure was found in any of these, 
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and similarly no non 6S pairing failure was found in any of the four samples 
collected on May 16. A study of Weather Bureau Local Climatological Data for 
Austin, Texas reveals no consistent or important difference from other collection 
dates for these two days in maximum, minimum or average temperature, precipi- 
tation, sunshine or wind. Also, although the hybrid matured earlier than the 
inbreds, temperatures were as high on May 18 and May 19 (when samples were 
collected from it showing no non 6S failure) as on any other date in May, and 
May 23 (when an 1205 sample with appreciable non 6S failure was collected) 
was one of the coolest days in May. A study of pairing failure in samples from 
plants kept under controlled conditions might prove rewarding. Since differences 
between anthers of a flower seem to be as great as differences between plants, 
environmental differences within flowers should be studied. Also, while anthers 
from similarly located flowers from a single sample contain different amounts of 
pairing failure, no tassel has been studied in its entirety in a search for gradients 
related to position. The anthers studied from the various stocks were from first 
flowers of spikelets from central regions of tassel branches, but the original loca- 
tions of these branches within the tassels are not known. It is possible, though 
not very probable, that some important difference in average position of the 
branches studied may have existed among the stocks. 

A general increase in heterozygosity (in the hybrid) accompanied a decrease 
rather than an increase in non 6S pairing failure, rendering less plausible the 
idea that the comparatively large amount of pairing failure found earlier in a 
region heterozygous for a Tripsacum segment could be due to extensive genetic 
heterozygosity (in the usual sense) in this region. While the corn and Tripsacum 
segments are known to contain some common loci, differences in gene arrange- 
ment and number have probably developed, and widely different mutants have 
probably accumulated in this region during the divergence of the two genera. 


SUMMARY 


1. Chromosome pairing failure at pachytene was studied in two inbred lines 
(L289 and 1205) and their hybrid. 

2. Comparatively low but substantial frequencies of terminal pairing failure 
were found in all three stocks in the satellite arm of chromosome 6 (called 6S) 
and in other regions of the complement (called non 6S). 

3. Non 6S pairing failure differed from 6S failure in frequency distribution. 

4. The frequency of non 6S pairing failure was similar in L289 and 1205 and 
much less in the hybrid while the frequency of 6S pairing failure was similar in 

.289 and the hybrid and much less in 1205. 

5. Heterozygosity of the sort present in the hybrid accompanied a decrease 
rather than an increase in non 6S pairing failure. 

6. The frequency of pairing failure found was highly variable among anthers 
of single flowers and therefore is thought to be dependent upon environmental 


factors. 
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TURTEVANT?’s transformer gene (tra) of Drosophila melanogaster is a third 

chromosomal recessive which has no effect on males but converts homozygous 
females into flies which resemble normal males. These transformed females show 
malelike abdominal tergites, anal plates, external genitalia, and the typical male 
abdominal coloration. Transformed females possess male sex combs, and dissec- 
tion reveals normal male genital ducts, accessory glands and an ejaculatory bulb. 
The testes, however, while showing the characteristic yellow pigmentation of 
the sheath and the normal attachment to the ejaculatory duct, are greatly reduced 
in size and fail to develop the usual coiled condit:on. Although these “males” mate 
with females, their testes fail to develop sperm, and they are thus completely 
sterile. SrurTEVANT (1945) pointed out two ways in which XX tra/tra indi- 
viduals resemble normal females; they are generally larger than males and are 
found more often in young than in older cultures (as are normal females which 
have a slightly shorter developmental period than males). SrurTEVANT located 
the tra gene in chromosome III between scarlet (44.0) and clipped (45.3). 

By suitable crosses SrurTEVANT transferred the gene to an attached-X stock 
and found the XXY tra/tra individuals to be phenotypically identical to flies of 
genotype XX tra/tra. Thus, the Y chromosome is without effect upon the action 
of tra. Mutier (1955) found XXYY tra/tra individuals (containing two Y*-X-Y" 
chromosomes) to be sterile, and XY tra/tra individuals (containing one YS: X-Y" 
chromosome) to be fertile. Thus, the sterility of transformed females cannot be 
due to insuffic’ent doses of Y chromosomal fertility factors or to the presence of a 
third chromosomal recessive gene which causes male sterility when homozygous. 
Novirsx1 (1951) synthesized a stock carrying “transformer” and an unstable 
ring X chromosome (X, Jn(1)w*), which is frequently lost during early 
cleavage. The loss of the ring X produces XXY tra/tra mosaics which contain 
large patches of XY tra/tra tissue. Of the fertile mosaics (8 out of 24) none pro- 
duced female offspring carrying the ring X chromosome. This finding indicates 
that the testes of the fertile “male” mosaics were composed, at least in part, of 
cells having the XY AA constitution characteristic of normal males, and only 
these cells underwent normal spermatogenesis. 

STURTEVANT also established a triploid stock carrying transformer, and XXX 
tra/tra/tra individuals were found to resemble the diploid transformed females, 
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although they had larger wing cells and ommatidia characteristic of triploid 
females. Studies of the effects of various doses of tra and Hermaphrodite, a 
dominant gene which converts females into sterile hermaphrodites (GowEN and 
Func 1957; Fune and Gowen 1957), suggest that tra and Hr may be alleles. 

Several studies have been made concerning the effects of the transformer gene 
on characteristics which show sexual dimorphism. SruRTEVANT (1945) showed 
that in transformed individuals homozygous for scute* (which is lethal in 
females) or facet (which is less extreme in females than in males) or eosin 
(which is darker in females) these genes are expressed as though acting in 
females rather than males. Fox (1956) reported the presence of a peptide in D. 
melanogaster males which is absent in females. When transformed females were 
tested chromatographically, the peptide was found to be present (Munyon 1958; 
Fox, Mreap, and Munyon 1959). Lies (1946) found that transformed females 
show complete dosage compensation for the genes apricot, forked, Bar, and scute, 
in which respect the flies behave as normal females, possessing a double dose of 
compensators on the X chromosome. 

Evidence which suggests that transformed females are intersexual has been 
obtained by Munyon (1958). Chromatographic analyses demonstrated a greater 
amount of glutamine in D. melanogaster females than in males, while the latter 
possess more £-alanine and tryptophan-proline (which were measured together 
as a single spot). The amounts of these substances in tra females was found to be 
intermediate between normal males and females. 

The purpose of this communication is to supply further information concern- 
ing the effect of transformer upon the morphology of the testis and upon size and 
sex comb morphology, traits which exhibit a sexual dimorphism. An observation 
made by DoszHaNsky (1929), that each cell comprising the wings of Drosophila 
possesses a single bristle, makes possible an estimate of the total number of cells 
in the wing. Since the relative sizes of wings and body vary in direct proportions 
and respond to both nutritional and genetic changes (ALPaTov 1930; RoBERTSON 
1959), wing measurements serve as a useful index of over-all size. 

The sex combs of D. melanogaster males present a striking example of sex- 
limited characters, since the corresponding regions of the first tarsal segments 
of the female forelegs show the typical hypodermis or setae found on the other 
legs. Although little is known concerning the details of sex comb development, 
it appears from the work of HANNAH-ALAvA and STERN (1957) that both sexes 
possess a potential sex comb region, but only male cells are able to respond to this 
‘‘prepattern’’. That the environment influences sex comb development is indicated 
by the fact that the number of teeth in the sex combs of wild type males increases 
with increasing temperature (Comss 1937). 


MATERIAL AND METHODS 


The stock used in the series of experiments is designated as: FMA3/w*v; 
tra/In(3LR) Ubzx'*°. The FMA3 chromosome (Lewis 1958) is a tandem direct 
attached-X of great structural complexity which is marked with yellow’. Thus, 
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attached-X females carry yellow*, and males are hemizygous for apricot and 
vermilion; both sexes are heterozygous for transformer and a third chromosomal 
dominant, Ultrabithorax, which is lethal when homozygous. (For a description 
of y*, w* and v, see Brinces and BREHME 1944; for Ubz, see bx in Brinces and 
BreHMeE 1944.) Since individuals homozygous for Ubz are inviable and super- 
females (triplo-X) seldom survive to adulthood, the offspring in this stock appear 
in the following ratio: 2 yellow-bodied females:3 apricot-eyed males:1 yellow- 
bodied “‘male”. The latter class corresponds to the females homozygous for tra 
which are converted into males. Two thirds of the w* males and all of the y* 
females also show the U/bz phenotype. Therefore tra/Ubzx males must be selected 
for the male parents if the offspring are to appear in the ratios referred to above. 
Stocks were maintained at 18° or 25°C, and in each experiment flies from each 
temperature group were compared. The only exception concerns the flies used 
for the body weight determinations which were reared at 28°C. 

The body weights of y* females, w* males, and tra females reared at 28°C were 
determined from the mean weights of groups of 4-10 flies placed in glass piglets 
and weighed to the nearest 0.0001 gm with a Chainomatic balance. In order to 
cut down variability among females due to ovaries of varying size, all flies were 
weighed within three hours after eclosion. 

The flies were collected daily, and the tra females and w* males were placed 
in small glass vials containing culture medium and were aged for various periods 
of time. The reproductive systems of individuals from one to 30 days of age were 
dissected out in Drosophila Ringer’s solution, fixed in Carnoy’s (6:3:1) for 15 
minutes, hydrolyzed in 1N HCl for 15 minutes, and stained with Schiff’s reagent. 
Whole mounts prepared in this manner were examined with normal bright field 
and phase contrast optics. Figures 1, 3, 4, and 6-8 were made using a Leitz 
Ortholux microscope equipped with a Zeiss drawing apparatus. 

Comparison of the number of teeth in the sex combs of w* males and tra females 
grown at 18°C and 25°C was made on fresh forelegs mounted directly in Per- 
mount on microscopic slides. The number of teeth was counted at a magnification 
of 400. Estimation of the mean size of the wing cells was made with right wings 
mounted in Permount on microscope slides. Using a compound microscope 
equipped with a 40x objective and 10x eyepiece containing a counting grid, the 
number of bristles was counted within an area of 10,000 »? on the upper surface 
of the wing. The area selected (see Figure 1) has a bristle density which is repre- 
sentative of the entire wing, except for the proximal portion (DoszHANsky 1929). 
Since one bristle corresponds to one cell, the mean cell area in »? was determined 
by dividing the number of bristles by 10,000. 

The relative differences in the wing areas of y* females, w* males, and tra 
females were determined as follows: Using an inverted Seibert Promi projection 
microscope, wings mounted in Permount on microscope slides were projected at 
a magnification of approximately 45x and the wing outlines traced on paper. 
The shape of the wing was found to be elliptical, as shown in Figure 1, and the 
wing area calculated from the formula, AREA =7(12A) (44B). Measurements 
A and B were made to the nearest 0.5 mm on the drawing, and the wing area 
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Ficure 1.—Right wing of Drosophila melanogaster, showing its elliptical shape (dotted line). 
Wing area calculated from 7 (144A) (14B), which gives the area of an ellipse. Bristle density (cell 
number) was determined within the crosshatched area, which contains 10,000 ,?. 


so calculated converted into «?. The comparison of the lengths and widths of the 
wings of the three types of flies was based on the measurements of A (length) 
and B (width). The average number of cells in one wing (both sides included) 
was calculated by dividing twice the mean area of a group of wings by the mean 
cell size. After these estimates were made, it appeared that no significant differ- 
ence existed between the number of wing cells of the tra females grown at 25°C 
and those grown at 18°C. Since there seemed to be a greater difference between 
w* males grown at 25°C than those grown at 18°C, a second group of w* male 
wings was studied. In this determination measurements of wing area and bristle 
density were made on individual wings, and the mean values for cell number 
were tested for a significant difference. 


RESULTS AND CONCLUSIONS 


Examination of cultures and collection of specimens at daily intervals is too 
infrequent to permit accurate estimation of the developmental times of the indi- 
viduals of various genotype. However, the minimum developmental times may be 
of interest. At 25°C y* females and uw” males begin to eclose on the ninth day after 
egg deposition although in relatively small numbers, and tra females first appear 
on the tenth day. At 18°C the developmental periods of all three types of indi- 
viduals are increased by 15 days on the average. At each temperature the trans- 
formed females had viabilities somewhat lower than the normal males and 
females. 

Body weights: The body weights of y* females, tra females, and w* males were 
found to be 1.058, 0.866, and 0.787 mg, respectively. These values represent the 
means of 40-60 flies of each type, and the standard error in each case is less than 
1.0 percent. Since all three values were found to be highly significantly different 
from each other, the tra female is intermediate in weight between the y* female 
and w* male, being 9.2 percent heavier than the male and 18.1 percent lighter 
than the female. 

Sex combs: The average number of teeth in the sex combs of w* males was 
found to be 12.44 at 25°C and 12.08 at 18°C, while the sex combs of tra females 
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have 10.20 teeth at 25°C and 9.87 teeth at 18°C. The number of sex combs 
examined was 38, 39, 42, and 50, respectively. In each case, the standard error of 
the mean is between 1.2 and 1.7 percent. The difference between the w* males 
and tra females at each temperature is very highly significant, with a significant 
difference between w* males at 25°C and 18°C (P = 0.035), and between tra 
females at 25°C and 18°C (P = 0.011). These data show that temperature affects 
sex comb development of w* males and tra females to the same degree, both types 
of individuals having approximately three percent fewer teeth per sex comb at 
18°C than at 25°C. The tra females have 18 percent fewer teeth than the w* males 
at each temperature. All of the sex combs examined showed uninterrupted rows 
of teeth." 

Wings: Figure 2 shows the relations between the area, width, length, cell area 
and total cell number for the wings of w* males, tra females, and y* females 
reared at 18°C and 25°C. 

Considering first the wing area, it was found that at 25°C the wings of the y* 
female are 19 percent larger than the wings of the w* male and five percent larger 
than the wings of the tra female, both differences being highly significant. At 
18°C, however, the wings of the y? female are more variable, are nine percent 
larger than those of the tra female, and are only six percent larger than those of 
the w* male. The wings of w* males, tra females, and y* females increased in area 
35 percent, 21 percent, and 25 percent, respectively at 18°C. Thus, as is evident 
in Figure 2A, all three types of individuals show an inverse relationship between 
wing area and temperature, and as temperature decreases, the sexual dimorphism 
between w* males and y* females decreases. From these data it is evident that 
temperature has a greater effect upon the wing size of w* males than upon the 
wing size of tra or y* females. 

Analysis of the lengths and widths of the various wings brought out the follow- 
ing differences. At 25°C the wings of the y* female are the same length as those of 
the tra female but are approximately two percent wider, while they are 11 percent 
longer and seven percent wider than the wings of the w* male. At 18°C, however, 
the wings of the y’ female are three percent longer and five percent wider than 
the wings of the tra female, but they are now only three percent longer and are 
the same width as the wings of the w* male. These changes are due to the wings 
of w* males, tra females, and y? females being 22, 15, and 16 percent longer, and 
17, 8, and 10 percent wider respectively at 18°C than at 25°C. Examination of 
Figures 2B and 2C will demonstrate these differences and also the fact that the 


1 HaNNAH-ALAvA pointed out in 1958 (J. Morph. 103: 281-310) that a sexual dimorphism 
occurs with respect to the number of transverse rows of bristles found upon the metatarsus of the 
prothoracic leg. The number of rows is eight in females and six in males. These observations 
led us to study this feature of the chaetotaxy of males, females, and transformed females reared 
at 21°C. The mean numbers of transverse rows of metatarsal bristles observed were 6.05 + 0.07 
(N = 39) for males, 6.34 + 0.09 (N = 29) for transformed females, and 8.12 + 0.11 (N = 25) 
for normal females. The number of transverse rows of metatarsal bristles is significantly greater 
in transformed females than in males. Thus with respect to sex comb morphology and the number 
of transverse rows of metatarsal bristles transformed females resemble males, but this resemblance 


is not a perfect one. 
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Ficure 2.—(A) area, (B) width, (C) length, (D) cell area, and (E) cell number of the right 
wings of w* males, tra females, and y? females. For each genotype, the left bar represents the 
25°C mean and the right bar the 18°C mean. The number within each bar represents the number 
of individuals measured, while the brackets represent the standard error of the mean. The figure 
above each 25°C bar represents the percentage of the 18°C value. A dotted line connecting two 
or more bars indicates that the values are not significantly different. 


increase in wing dimensions at 18°C is greater for w* males than for tra or y? 
females. The finding that the wing dimensions of normal males and females vary 
inversely with temperature agrees with various other studies, such as those made 
by Aupatov (1930) and Imar (1934); and the observed decrease of the sexual 
dimorphism shown by the wings has previously been observed by ALPATOV 
(1930). 

Calculation of the surface area of the wing cells showed tra and y* females to 
have cells of the same area at each temperature. The areas of the wing cells of 
tra and y* females are 12 percent and six percent larger than the cells of the w* 
males at each temperature, respectively (see Figure 2D). Both in terms of wing 
cell size and the response of the developing wings to temperature, the transformed 
individuals clearly resemble normal females more closely than males. 

Examination of Figure 2E demonstrates that the number of wing cells of the 
tra female is the same at each temperature. The slight difference (four percent) 
between the wing cell numbers of y* females reared at the two temperatures 
agrees with results obtained by RoBertson (1959), who concluded that the 
response of female wing area to temperature is expressed almost entirely in 
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changes of cell size. Our data show a significant difference in the total number 
of cells of the w* male wing (seven percent more cells at 18°C than at 25°C). 
Since the wings of the y* female are larger than the wings of the tra female at 
each temperature, and since the number of wing cells is the same at each temper- 
ature for the same genotype, the wing cell number of the y* female must be 
greater than that of the tra female at each temperature. 

In light of the preceding data concerning the wings of the three types of indi- 
viduals, the following conclusions may be drawn. At 25°C the wings of the y* 
female are longer and wider than those of the w* male because the female wings 
have larger cells and probably have more cells as well. The y*? female wings are 
wider but have the same length as the wings of the tra female because the latter 
has fewer cells. At 18°C the wings of the y* female are the same width but are 
longer than those of the w* male, because the female has larger cells and probably 
more cells. At 18°C the female wings are longer and wider than those of the tra 
female because the wings of the latter have fewer cells. Thus, at each temperature 
the wings of the tra female have fewer cells than those of the y* female, while 
the w* male wings have fewer cells and smaller cells than the y* female wings. 
Considering the effect of temperature, the wings of the y* female and w* male are 
longer and wider at 18°C than at 25°C, primarily due to increased cell size 
although cell number is also increased slightly. The transformed female wings, 
however, are larger at 18°C completely due to increased cell size. 

Reproductive systems: The reproductive system of the w* male is shown in 
Figure 3. The terminology used to designate the various parts is that of MILLER 
(1950). The testes, seminal vesicles, and vasa deferentia of freshly dissected w* 
males show only a very faint yellow coloration, in contrast to wild type testes 
which are decidedly yellow. Examination of fresh testes and Feulgen-stained 
whole mounts with bright field and phase contrast optics revealed the charac- 
teristic histology. The testis wall consists of an inner layer of squamous epithelial 
cells and an outer layer of large, flattened sheath cells, containing small pigment 
granules which give the testis its color in the adult individual. These pigment 
granules are visible only in freshly dissected testes, however, and they are evi- 
dently water soluble. SreRN and Haporn (1939) have shown that the sheath 
cells originate in the gonad and that during development some of them migrate 
posteriorly and cover (thus coloring) the vasa deferentia once they attach to the 
gonads. The vasa deferentia originate from the posterior (genital) imaginal disc 
and grow forward to the gonads. The spermatogonia were observed under phase 
contrast in the distal tip of the testis, while spermatocytes, spermatids, and 
bundles of spermatozoa fill the remainder of the testis (M1LLErR 1950). The repro- 
ductive systems of individuals reared at 18°C were larger than those of flies 
which developed at 25°C. 

The reproductive system of the transformed female (Figure 4) is identical to 
that of the normal male except for the testes. The poorly developed testes are 
always attached to seminal vesicles and vasa deferentia of normal appearance. 
These three structures are pale yellow in freshly hatched individuals (as they 
are in wild type males) and quickly darken to a deep butter yellow color. In 
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Ficure 3.—The reproductive system of a w% male. t, testis; sv, seminal vesicle; vd, vas 
deferens; ag, accessory gland; Dej, ejaculatory duct; Bej, ejaculatory bulb. 

Ficure 4.—The reproductive system of a tra female, showing the greatly reduced and uncoiled 
testes. The labelling is the same as in Figure 3. 


mature transformed individuals the testes are a much brighter yellow than are 
those of wild type males or w* males. Whether this coloration is due to the 
presence of excess yellow pigment or to the normal amount of pigment com- 
pressed in the smaller testes has not been determined, however. One bit of evidence 
that suggests a normal pigment content is the finding that the outer sheath of 
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the testis of a tra female is generally thicker than in normal males, and in some 
areas may show two or three layers of pigment-containing sheath cells. This 
piling up of the cells of the outermost layer of the testis sheath suggests that the 
sheath cells develop autonomously, irrespective of the amount of germinal 
material. 

The inner layer of the wall of the testes of transformed females is normal in 
appearance, showing numerous small nuclei which seem to bulge slightly from 
the thin layer of protoplasm. Within the distal tip of the testis appears a mass of 
small cells with dense Feulgen-positive nuclei. Whether these cells are sperma- 
togonia or odgonia could not be determined. The remainder of the testis contains 
vacuoles of various sizes, scattered nuclei, and blobs of degenerative Feulgen- 
positive material. No cells resembling spermatocytes or later stages of spermato- 
genesis were found. 

A very interesting finding which prompted most of this study was the presence 
of the structures shown in Figures 5-8 in a few “testes” of transformed females. 
These Feulgen-positive spheres are almost certainly endopolyploid nurse cell 
nuclei which develop during the process of odgenesis. Using the classification of 
Kine, Rusinson, and Smiru (1956), the nuclei ranged in size from those typical 
of stages 4 to 8. The largest nuclei observed were about 12 » in diameter and 
were spongy in appearance (Figure 5). In some instances the oécyte nucleus 
(which is characterized by a condensed, deeply staining karyosome) was also 
evident (Figures 7 and 8). The number of nurse-like cells present in any given 
group varied from 12-15 (the number in a normal developing egg chamber is 15). 
In several specimens the testes were filled with randomly scattered groups of 


2p, 
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Ficure 5.—A photomicrograph of nurse-like cells in the distal portion of the “testis” of a tra 
female. Eight of the 12 cells present in this specimen are visible. The upper arrow points to the 
inner sheath (note small nuclei) and the lower arrow points to the outer sheath of the “testis”. 
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Ficure 6.—The distal portion of a “testis” from a tra female showing fusion of several nurse 
cell-like nuclei. 

Ficure 7.—The entire “testis” of a tra female showing “nurse cell nuclei” and an “odcyte 
nucleus” (arrow.) 

Ficure 8.—The “testis” of a tra female showing several groups of “nurse cell nuclei” and an 


“odcyte nucleus” (arrow). 


these nurse-like cells (Figure 8). All of the cells within each group seemed to be 
in roughly the same stage, as determined by their nuclear morphology. However, 
cells from differing groups differed markedly in their morphology. In one case 
(Figure 6), several nurse-like nuclei had fused into large irregular masses of 
chromatin. All testes containing nurse-like cells were found in flies between nine 
and 27 days of age. 

Further study of this phenomenon has been hampered by the low frequency 
with which it seems to occur. Out of 372 pairs of “testes” examined from indi- 
viduals reared at 25°C, only 12 have shown these nurse-like cells (a frequency 
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of about three percent). In each case, both of the testes contained these cells. The 
reproductive systems of 87 transformed females reared at 18°C have been 
examined, but nurse-like cells were not found in any of them. Whether or not 
the lower temperature suppresses formation of the nurse-like cells cannot be 
decided, however, because of the small size of the sample. With regard to the 
effect of development at 18°C upon the male-like internal genitalia of tra females, 
they seem to behave as do normal males in that the reproductive systems are 
larger than those formed in flies reared at 25°C; but no striking morphological 
changes were evident. 

In order to determine the size of the larval gonads of transformed females, 63 
third instar larvae were collected from a stock maintained at 25°C and separated 
into two groups: those possessing large gonads and those with small gonads. 
Normally, Drosophila larvae may be easily classified according to sex since the 
male gonads are much larger than those of the female. Of the larvae having small 
gonads, 20 developed into y*? females and nine developed into tra females; while 
all of those with large gonads (34) developed into w* males. Thus, the larval 
gonads of transformed females are small, and consequently they are not behaving 
as male gonads in terms of growth. 


DISCUSSION 


With respect to the majority of characteristics so far studied, transformed 
females resemble males. Among these male characteristics (in addition to the 
over-all behavior) are the abdominal coloration, the tergite pattern, the external 
genitalia, the internal accessory sexual organs, the sex combs, and the possession 
of the male peptide. However, transformed females do have about 20 percent 
fewer teeth in their sex combs, and young transformed flies are intermediate in 
mass between males and females of the same age. Furthermore, the amounts of 
8-alanine, tryptophan and proline found in tra females are intermediate between 
male and female values. Transformed females resemble females in terms of both 
wing size and the differential growth response of the wings at 18 and 25°C. Trans- 
formed females also react in the female fashion with respect to dosage compen- 
sation and to the genes sc’, fa and w*. Finally, since in rare instances germ cells 
in the testes of transformed females do undergo developmental processes reminis- 
cent of odgenesis but never show any spermatogenesis, it is clear that oégonia are 
not transformed to spermatogonia. Transformed females are therefore intersexes 
of an extreme male type. 

A hypothesis which explains the behavior of the transformer gene can be 
obtained by a modification of Bripcres balance theory of sex determination. 
According to Bripcres (1934) the sexual phenotype results from the interaction 
of female determining genes which reside mainly on the X chromosome and 
male determining genes mainly located on the autosomes. Presumably these 
genes exert their action through the formation of nondiffusible substances, since 
clear-cut demarcation between male and female tissue in Drosophila gynandro- 
morphs rules out the existence of sex hormones. To explain the effect of tra on the 
sexual phenotype one may assume that the + allele directly or indirectly leads 
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to an enhanced activity of the female determining substances produced by the 
X chromosomal genes, or suppresses the masculinizing action of the substances 
produced by the autosomal genes. It is impossible to decide at present which of 
these suggestions is more likely. 

Thus, one could suppose that each X chromosome in the presence of one or 
more + alleles of tra produces twice the concentration of ““feminizing factors” that 
it does in the absence of + alleles. Conversely, the autosomes in the absence of 
the + allele of tra might produce twice the concentration of “masculinizing 
factors” they do in the presence of one or more + alleles. If the ratio between 
feminizing and masculinizing factors is what counts, either model will fit the 
facts. The observation that the phenotypic expression of XX tra/tra individuals 
is so constant suggests that the ratio in question is much closer to that found in 
normal males than in triploid intersexes. 

There are in the literature many examples of genes which enhance or suppress 
the effectiveness of nonallelic genes. In Neurospora crassa, for example, gene 
td,, forms a modified tryptophan synthetase which is readily inactivated by cer- 
tain metals. A nonallelic gene (su-24), by modifying the metal metabolism of 
the fungus, prevents the enzyme from being poisoned (YANorsKy 1960). Here 
then is an example of a gene which enhances the effectiveness of the product of a 
second gene, An example of a gene which inhibits, either primarily or secondarily, 
the action of nonallelic genes is found in Escherichia coli. The + allele of gene i 
inhibits the action of adjacent genes which are responsible for the production of 
the enzymes f-galactosidase and galactoside permease (PARDEE, Jacop and 
Mownop 1959). 

According to the above hypothesis, an XX AA individual is a female because 
in the presence of one (or more) + alleles of tra the feminizing factors produced 
by X chromosomal genes occur at concentrations which overcome the action of 
masculinizing factors produced by autosomal genes. The tra gene is presumed 
to be inactive physiologically. In XX tra/tra flies the masculinizing factors arising 
from autosomal genes occur at concentrations that overcome the action of the 
feminizing factors produced by sex-linked genes. Both masculinizing and feminiz- 
ing factors might act as inductors which determine whether the male or female 
pattern of differentiation shall be followed by the imaginal discs which produce 
the tergites, external genitalia and genital ducts of the organism. One might 
expect that inductors would not affect the germ cells which are set aside very 
early in development. 

The fact that females are larger than males, show dosage compensation, etc. 
may result from their containing in double dose certain genes which have no 
effect on sexual phenotype and which are found in males in single dose because 
these genes reside on the X chromosome. The presence or absence of an active 
allele at the transformer locus would not affect the expression of these genes. 

It is of interest that the locus of the transformer gene is close to that of certain 
genes (Polycomb, Extra sex comb, proboscipedia, tetraltera and tetrapter) which 
seem to affect the pattern of differentiation of specific imaginal discs. It remains 
for future research to determine whether or not this association is fortuitous. 
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SUMMARY 


Drosophila melanogaster females homozygous for the transformer gene are 
compared with normal males and females in terms of wing form at 18°C and 
25°C and sex comb morphology. It is shown that transformed females have 
approximately 20 percent fewer teeth in their sex combs than normal males, are 
intermediate in mass between males and females, and resemble females in terms 
of wing size and response of differential growth of the wings at 18° and 25°C. 
Transformed individuals also resemble females in that some of their germ cells 
occasionally undergo developmental processes resembling odgenesis but never 
spermatogenesis. A hypothesis is put forward to explain the action of tra; the + 
allele either suppresses the masculinizing action of substances produced mainly 
by autosomal genes, or enhances the activity of feminizing substances produced 
mainly by sex-linked genes. 
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[= pattern of distribution of bristles in Drosophila melanogaster is under 

genic control. Thus, the first tarsal segment of a foreleg of female genotype 
does not differentiate the row of heavy bristles which constitutes a sex comb while 
this structure is formed on a foreleg of male genotype. The determination of the 
sex comb was studied by Stern and Hannau (1950) by means of analysis of 
gynandric mosaic forele,s. It was found that the differentiation of sex comb teeth 
occurred whenever cells of male genotype were present in the region of the fore- 
legs where sex combs normally develop and that the occurrence of this differenti- 
ation was independent of the relative sizes of the female and male areas of the 
mosaic tarsal segment. It was concluded that during development of a foreleg a 
certain region is singled out from the rest, whose property it is to evoke differenti- 
ation of a sex comb if the cells of the region are male but which is not able to cause 
such differentiation if the cells are female. STERN (1954a, 1957) called the 
invisible pattern of regional differentiation which precedes that of morphogenetic 
differentiation a prepattern. Female cells, then, do not respond to the prepattern 
of a sex comb, while male cells do so fully. Cells of triploid intersexual genotype 
seem to be intermediate in their sensitivity so that fewer cells respond by forma- 
tion of sex comb teeth (STERN 1956a, HANNAH-ALAvA and STERN 1957). 

In a series of papers the presence of invariant prepatterns, but of differential 
response of different genotypes, was also demonstrated for the differences between 
the bristle patterns of achaete and nonachaete, hairy and nonhairy, Theta and 
non-Theta, scute and nonscute (STERN 1954a,b, 1956b; STERN and Swanson 
1957). Krorcrer (1959a,b) has applied and extended the concept of prepattern 
to the interpretation of his interesting experiments on mosaics between the fore 
and hind wings of the moth Ephestia, and between the male and female genital 
discs of Drosophila. In both cases invariant prepatterns seem to be involved. 
Recently, HanNAH-ALavA (1958a) has described a case which may constitute 
genic determination of a prepattern itself. 

The present study concerns the action of the recessive autosomal gene engrailed 
(en) which leads to the appearance of a secondary sex comb on male forelegs 
which forms approximately a mirror image of the normal, primary sex comb. 
By the use of gynandric mosaics it had been shown that the foreleg of a homozy- 
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gous en/en female possesses a prepattern for the secondary sex comb like that of 
the homozygous en/en male (STERN 1954b). The question remained whether a 
not-engrailed heterozygous en/+ male foreleg also possesses such a prepattern. 
If so, the difference between en/en and en/-++ males would not consist of a differ- 
ence in prepattern organization but solely in response of the two genotypes to an 
invariant prepattern: en/en responding by differentiation of a secondary sex 
comb and en/-+ failing to respond. This problem was attacked by means of analy- 
sis of forelegs mosaic for en/en and en/+ tissue. Such mosaicism resulted from 
somatic crossing over induced by irradiation (BECKER 1957). 


METHODS 


In all experiments, larvae heterozygous for engrailed, en/++, were irradiated 
with X-rays and the forelegs of the resulting adult male flies examined for evi- 
dence of somatic crossing over between the kinetochore of chromosome 2, located 
at 55.0, and the locus of en, located in the right arm at 62.0. As a criterion for 
determining whether a particular tissue area was en/en or en/+, the coloration 
of bristles and teeth of sex combs was used. This was made possible by introducing 
a recessive marker gene for coloration in heterozygous state which in the majority 
of cases of somatic crossing over was to become homozygous together with en. 
The forelegs of treated individuals were examined for mosaicism under a 60-fold 
magnification of a dissecting microscope, and flies with variegation on a foreleg 
or with a secondary sex comb were subjected to detailed study under a 680-fold 
magnification under a binocular compound microscope. 

Three separate experiments were conducted as described below. The effective 
X-ray dosage in the first, preliminary experiment varied from approximately 
1000r to 2200r and the age of the larvae varied from 24 hours to 72 hours after 
hatching. In the definitive experiments I and II, the dosages were 1500r and 
1800r, and the larval age was again varied. Most cultures were kept in an incu- 
bator at 25° + 1°C, but some of the larvae were kept at 17°C until they were 
irradiated. 

For the preliminary experiment, straw® (stw’, 55.1, bristles and hairs strawish 
yellow) was selected as the marker. Twelve males with one foreleg each showing 
a secondary sex comb in the normal position and many forelegs with variegation 
for the primary sex comb were obtained. Each of the secondary sex combs con- 
sisted of one or more teeth, all straw* in color and distinct from the normal dark 
tooth color of the primary sex comb on the same tarsal segment. The experiment 
was successful as far as induction of appropriate somatic variegation was con- 
cerned. However, detailed examination of the tarsi, which were mounted in 
euparal between two cover glasses, met with difficulties. While the color of the 
teeth of sex combs could be clearly classified as either straw or not straw, the 
difference in color often was not clear in the more slender bristles. Thus, it was 
not possible to determine exactly how large a region was occupied by homozygous 


stw*en tissue. 
Accordingly, experiments were devised in which the marker gene straw’, was 
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replaced by the gene yellow (y,1,0.0) which is known to be a good marker (STERN 
and Hannau 1950). Since yellow normally is located on the X chromosome, the 
use of a translocation was indicated which would link this locus with engrailed. 
Two different procedures were employed in experiments referred to as I and II, 
respectively. 

Experiment I made use of translocation T(1;2) sc** in which the tip of the 
X chromosome which contains the normal allele of yellow and the tip of the right 
arm of the second chromosome are interchanged (Figure 1A). Larvae were 
obtained in which one each of the first and second chromosomes carried the trans- 
location and the wild-type alleles of yellow and engrailed, and the other first and 
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Ficure 1.—Experiment I. A. Genetic constitutions of the first (I), second (II) and third (III) 
chromosome in heterozygous en larva before X-ray irradiation. B. Somatic crossing over between 
the centromere (o mark) and the en locus on the second chromosome. C, Resulting two daughter 
cells; left, cell with y*, en* phenotype; right, cell with y, en phenotype. Black heavy line = X 
chromosome; double line = second chromosome; black thin line = third chromosome. y, yellow; 
scS?2, scute bristle effect; en, engrailed; tra, transformer. 
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second chromosomes carried the recessives yellow and engrailed. Somatic crossing 
over between the kinetochore and the locus of engrailed (Figure 1B) would lead 
to the formation of two new genotypes (Figure 1C) one of which is homozygous 
for engrailed and hemizygous for yellow. Cells with this genotype, like the rest 
of the fly, would normally be female and therefore be unsuitable for an analysis 
of sex comb differentiation. However, the experiment was so designed as to make 
the flies homozygous for the third chromosome gene tra which transforms XX 
individuals into phenotypic males (SrurTEvaANT 1945). The experiment suc- 
ceeded in furnishing a number of XX males with secondary yellow-toothed sex 
combs and with variegation in the primary sex comb area. However, one of the 
foundation stocks was highly infertile so that it was difficult to obtain a sufficient 
number of desired flies. 

This led to the planning of experiment II which circumvented the use of the 
tra gene. Male larvae were obtained whose first and one second chromosomes 
were of the T(1;2)sc’? type and whose other second chromosome carried en- 
grailed. In addition they carried a special Y chromosome [ Y (II-15i) ], obtained 
by E. Novirsk1, which possesses a short insertion of the left end of an X chromo- 
some with the recessive yellow allele and the wild type allele of scute (Figure 2). 
Such males are not yellow since they carry y+ in the translocation. However, 
crossing over in the second chromosome between the kinetochore and the locus 
of engrailed results in cells with two normal second chromosomes homozygous 
for en, a first chromosome deficient for y (and carrying a duplication for the tip 
of chromosome 2), and a Y chromosome compensating for the deficiency in the 
X and carrying y. Such cells, then, are y en/en. This experiment provided 
numerous Clearly marked mosaic tarsi. 

It may be added that the en carrying second chromosome also had straw* so 
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Ficure 2.—Experiment II. Genetic constitutions of the first (I) and second (II) chromosomes. 
Black solid line = X chromosome; double line = second chromosome; wavy line = Y chromo- 
some; Y" = long arm of the Y chromosome; YS = short arm of the Y chromosome; S.C.O.I. and 
II = two possible positions of somatic crossovers; y = yellow; sc* = scute*; scS? = scute bristle 
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effect; en = engrailed. 
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that homozygous en/en cells were not only hemizygous for y but also homozygous 
stw*/stw’. 

Sex combs and chaetotary in the tarsus of homozygous engrailed males: Al- 
though BrasTep (1941) had dealt with the morphology of the first tarsal segment 
of en/en males, it was necessary to establish specific control data for the present 
experiments since both genetic and environmental variations influence the 
patterns. Such data were obtained for homozygous wild type and heterozygous 
en males and for homozygous en/en males of three genotypes corresponding to 
those used in the three experimental series (Figure 3; Table 1). In contrast to 
the limited variability in appearance of the primary sex comb there is high varia- 
bility of the secondary comb in number and position and, occasionally, in shape 
of the teeth. The number of teeth in the secondary comb varied from 0 to 12, and 
their mean number in one genotype was significantly larger than in the two other 
genotypes. The shape and size of teeth in the secondary comb were usually like 
those of typical primary teeth, but some were intermediate between the blunt 
typical teeth and the pointed macrochaetae (e.g., the proximal tooth in Figures 4a, 
b). Also, at times there were rather distinct variations in length of teeth of the 
same secondary comb. Most variable was the arrangement of the teeth. When the 
number of teeth was small, e.g. two or three, they were usually arranged in a 
line parallel to the length of the primary comb so that the two combs formed 
approximate mirror images. Larger secondary combs were often more irregular, 
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Ficure 3.—First tarsal segment of a wild type male foreleg (Canton-S), a. dorsal side; b. 
ventral side; black bristles = -+ phenotype; dotted bristles = -+ phenotype sex comb teeth; 


(Camera lucida drawing). 
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TABLE 1 


Number of teeth in the primary (a) and secondary (b) sex combs in wild type, homozygous 
engrailed and heterozygous engrailed males* 





Primary sex comb 
Distribution of the sample 
according to teeth number 


























ae Mean 
a) Genotype; 7 8 9 10 11 12 13 number 
(1) Canton-S (wild type) 0 1 is 2 1 0 9.96 + 0.11 
(2) stw* en / + 0 0 S$ 2 17 3 0 10.30 + 0.11 
(3) stw* en 0 § 6 18 13 7 1 10.28 + 0.17 
(4) y ac sn; stw* en; tra/Ubx 0 2 9 11 33 + 1 10.42 + 0.15 
(5) yx ac sn3/Y (II-151)y se*; 
stw? en 2 8 14 12 13 1 0 9.58 + 0.17 
in. a Sec ondary sex cous at . 2 
7 ‘Distribution of the sample according to teeth number 

(b) Genotype - — — — — —_—— 

cf Mow 7 ; 0 1 2 3 4 5 6 7 8 9 10 11 12 Mean number 
(3) 1 5 10 12 A12 6 2 0 1 1 0 0 0 3.36 + 0.24 
(4) 1 6 e 2 tt 1 2 0 0 1 0 0 3.56 + 0.25 
(5) 2 Sow oo ee eae 5 ss g 1 1 6.08 + 0.35 





* For each sample, 50 tarsals from the left forelegs of 50 flies were studied. 
+ Symbols explained in text except Ubz (=ultrabithorax). 
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positions of the stw® bristles (a), or yellow bristles (b, c). 





being arranged in a discontinuous row or distributed irregularly over a wider 


area (Figure 4a-c). 

In order to define the location of this area it is necessary to discuss the standard 
pattern of chaetae on the first tarsal segment of the male foreleg. A map of this 
pattern was first made by Hannau-Atxava (1958a,b). It formed the basis of a 
slightly changed version which was used for the present work. This version is 





Ficure 4.—Part of first tarsal segments of homozygous en male forelegs. a. Genotype: stw* 
en. The secondary sex comb has four teeth. b, c. Genotype: y ac sn’ Y(II-15i) » sc*; stw* en. Only 
the secondary sex comb site is shown (ac—achaete, sm’—singed*), White circles indicate the 
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shown in Figure 5. A series of longitudinal and transverse rows of bristles exists 
which will be discussed individually. In each row considerable variation exists 
from fly to fly. This variability is smallest in rows 4, 5 and 6 including the bract- 
less bristles between them. 

Row 1 is easily located on a leg except that its bristles sometimes are arranged 
in a zig-zag manner which may make it difficult to distinguish them from those 
of row 2. Similarly, row 3 is strongly variable. The high variability of bristles 
centered in the area which includes rows 1 to 3 made it difficult to define a stand- 
ard pattern for row 2. The same is true for the area between row 6 and the adja- 
cent transversal rows, which incluces row 7 in whose neighborhood the primary 
sex comb is located. In the diagram, Figure 5, the most frequent numbers of 
bristles, including bractless ones, found in 50 forelegs, have been represented in 
rows 1, 1’, 3, 4, 5 and 6, as well as that of the teeth in the primary comb. Rows 2 
and 7 are represented somewhat more arbitrarily. The same is true for the trans- 
verse rows, six such rows being most frequent but by no means found exclusively. 





Ficure 5.—Schematic representation of the standard bristle pattern on the first tarsus of the 
male foreleg in Drosophila melanogaster. Light circles with triangles = normal bristles with 
bracts; heavy circles = primary sex comb teeth; light circles = bractless bristles; dotted area = 
the secondary sex comb area in homozygous en tarsi; 1, 1’, 2,3,4,5,6,7 = numbers assigned to the 
longitudinal bristle rows; t = transverse rows on the ventral side of the tarsus; C = central bristle. 
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A more definite map of the bristles will have to be drawn after a detailed study 
of cell lineage. 

In contrast to the highly localized, narrow zone occupied by the primary sex 
comb, teeth of the secondary sex comb may be found over a distal tarsal area 
which is about as wide as it is long. This is indicated by stippling in Figure 5. 
Generally, the proximal end of the secondary comb lies between the terminal 
bristles of rows 2 and 3, but it may be shifted to the area between rows 1 and 2. 
The distal end of the comb never reaches the edge of the segment, and, in the 
nonmosaic legs studied, no bristles were found between the distal end of the comb 
and that of the segment. 

Mosaic forelegs 


Variegation including the area of the secondary sex comb: In the three experi- 
mental series a total of 81 first forelegs was found in which a secondary sex comb 
had differentiated on initially heterozygous en/++ males. Sixty-one cases came 
from experiment II. Table 2 gives data on the frequency of these mosaic segments 
after irradiation of larvae of different ages. The mean frequency was close to one 
mosaic in 174 tarsi, and there were no striking differences between the frequen- 
cies obtained in the different subgroups. 

Among the 81 tarsal segments mentioned, 69 came from experiments I and II. 
Sixty-seven of these were available for the determination of the area occupied by 
en/en tissue since it was marked by bristles of yellow coloration (Table 3). 
Apparently, single somatic crossovers had occurred between the kinetochore and 
the locus of en thus giving rise to y en/en genotypes. 

1. In 20 tarsi only the secondary sex comb itself showed the yellow phenotype. 
Twelve of these “sex combs” consisted of a single tooth only. These mosaic tarsi 


TABLE 2 


The frequency of the occurrence of the variegated tarsals which differentiated a secondary 
sex comb after irradiation at various larval ages (Exp. II )* 

















Larval age at irradiation Total number of wild-type Number of variegated tarsi Frequency 
(hour unit after hatching) males among treated flies with secondary sex comb percent 
12-29 279 2 0.35 
19-37 793 5 0.31 
A 2748 1651 20 0.60 
36-56 668 16 1.19 
47-72 906 4 0.22 
Total 4297 47 0.54 
27-72 805 11 0.68 
B 72-127 193 3 0.77 
Total 998 14 0.70 
Grand total 5295 61 0.57 





* X-ray dosages were 1500r and 1800r. Incubator temperature was 25°C+1°C. in A, but in B the larvae were kept in 
17°C until they were irradiated. 
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indicate that even small areas of en/en genotype differentiate a secondary sex 
comb if located within the prospective area. 

2-4. In 47 tarsi, apart from the teeth of sex combs, bristles in the surrounding 
areas were yellow. These bristles belonged either to row 1 or 2 or to both rows, 
and sometimes included, in addition, bristles in rows 1’ and 3. There were three 
tarsi in which bristles of rows 2 and 3 were yellow but no tarsus wih a secondary 
sex comb in which yellow bristles in row 3 only were found. Likewise, yellow 
bristles in row 1’ were accompanied by a secondary sex comb only when row 1 
also had yellow bristles. These data suggest a close developmental relation be- 
tween the area of the secondary sex comb and the areas of rows 1 and 2 and 
occasional shifts of the border lines between the two rows 1 and 1’, and 2 and 3, 
respectively. 

There were two exceptional tarsi in experiment II, not listed in Table 3, on 
which bristles near to or within the area of potential secondary sex comb differen- 
tiation were yellow but on which no sex comb teeth had formed. One of these 
segments is illustrated in Figure 6. All bristles of row 1 and some of row 2 were 
yellow. The other segment had only one yellow bristle which was the most distal 
one in row 2. These two mosaic segments may possibly correspond to cases in 
which a secondary sex comb fails to differentiate even in nonmosaic en/en males 
(see, for instance, the two forelegs referred to in Table 1, rows 2 and 3 from below, 
which had no secondary comb). This would appear unlikely, however, since in the 
stock used in the experiment (Table 1, last row) not a single leg without a second- 
ary comb was found. A more likely explanation of the mosaic shown in Figure 6 is 
that it was a product of somatic crossing over to the right of the en locus (see 
Figure 2, II) which would result in a y en/+ genotype. The same explanation 


TABLE 3 


Part 1: The relation of the secondary sex comb to the phenotypes of the neighboring bristles in 
mosaic tarsi (Exp.I and I] ). Part 2: The relation between the number of teeth in the 
secondary sex comb and the phenotypes of the neighboring bristles in 
mosaic tarsi (Exp. I1) 

















Part 1 (Exp. I and II) Part 2 (Exp. II) 
Distribution of the secondary sex 
comb according to their teeth number Mean 
Number Number tee 
Mosaic area of tarsi of tarsi 1 2 3 + 5 6 7 number 
A Secondary sex comb yellow: 67 59 ss aw Fe t Se SB 1.8 
1. Only secondary sex comb 
yellow: rest of bristles + 20 14 e.2 0 8 8s. 8 1.1 
2. Some bristles belonging to 
row 1 or 2 yellow: 31 29 so 7 8 8 © @ 2 1.9 
3. Some bristles belonging to 
row 1 and 2 yellow: 13 13 * 2 8 @ ££ @ 4 2.7 
4. Some bristles belonging to 
row 2 and 3 yellow: 3 3 3 0 0 0 0 0 0 1.0 
B Secondary sex comb wild 
phenotype 2 2 2 0 0 0 0 0 0 1.0 
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Ficures 6—13.—Mosaic tarsals on heterozygous en/-+ male forelegs, induced by X-ray irradi- 
ation. (Camera lucida drawings). The secondary sex comb is shown in each case. The primary 
sex comb is shown in some cases only, either in detail or in outline. The positions of the bristles 
on the tarsus are indicated as in Figure 5, except in Figure 6 where three bristles at the end of 
rows 1 and 2 are shown completely. Open symbols — yellow bristles or sex comb teeth; solid 
symbols — wild type bristle; dotted symbols = wild type sex comb teeth. All from Experiment II 
except No. 4a which is from Experiment I. 

Ficure 6.—No. 67. Figure 7.—a. No. 27; b, c. No. 49 dorsal and ventral side. 


may be valid for the other mosaic, but it is also possible that the single yellow 
distal bristle in row 2 which was located at the shifting critical borderline of the 
potential secondary sex comb area represented a very small number of cells which 
did not lie in the sex comb determining region of this specific segment. 

Two tarsal segments were found which had formed secondary sex combs but 
whose teeth were not yellow (Table 3, Part 1B). These segments were not varie- 
gated for yellow—their whole surface being non yellow. One of the segments had 
only a single secondary comb tooth and, distal to it, a bractless bristle (Figure 7a). 
The other had one tooth located within the area typical for the secondary comb 
and had in addition, in the abnormally broadened area between rows 1 and 3, 
an irregularly arranged group of seven or more teeth (Figure 7b,c). The location 
of these teeth was near the typical area for a secondary sex comb, and the ab- 
normal width of the tarsal region between rows 1 and 3 which was accompanied 
by an increase in the number of bristle rows in this region is evidence of some 
disturbance in the differentiation of the leg bud, perhaps caused by the irradiation 
(larvae kept at 17°C until exposure to X-rays). 

The non-yellow, engrailed phenotype of these two segments may be accounted 
for by assuming the occurrence of somatic double crossovers, one between the 
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kinetochore and the locus of en and another between the latter and the distal 
translocated part of the second chromosome (Figure 2, II, s.c.o.I and II). 

In Part 2 of Table 3, data are presented concerning the numbers of teeth in the 
secondary sex combs as related to the presence or absence of yellow bristles in 
rows 1, 2 and 3. The mean number of teeth increases from 1.1 in group 1 where 
no yellow bristles were present to 2.7 in group 3 where yellow bristles occurred 
in both rows 1 and 2, the number being intermediate, namely 1.9, in group 2 
where yellow bristles were restricted to either row 1 or 2. The differences between 
the three distributions of numbers of teeth are significant at the five percent level. 
There is thus a correlation between the size of the yellow area adjacent to that of 
the secondary sex comb and the number of teeth differentiated. Such a correlation 
is not unexpected since the chance that a yellow area will include that of the 
prospective secondary sex comb should increase with the size of the yellow area. 
This correlation, however, does not signify that the size of the secondary sex 
comb depends on that of the surrounding tissue. This may be shown by a dis- 
cussion of some selected cases: 

(a) In Figure 8a-c, two segments are illustrated, both of which had seven second- 
ary sex comb teeth. On the first segment all bristles of row 1, eight in number, 
were yellow; in the second segment all those of both rows 1 and 2 were yellow 
also. In contrast to these two segments, a third (Figure 8d) had only a single 
secondary tooth. Nevertheless, again all bristles on rows 1 and 2, except the 
bractless ones, were yellow. 

(b) In Figure 9a and b segments are illustrated both of which had four secondary 





Ficure 8.—a. No. 48; b, c. No. 24, ventral and dorsal side; d. No. 66. 
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Ficure 9.—a. No. 61; b. No. 44, Figure 10.—a. No. 4-a; b. No, 20. 


sex comb teeth. In one of these, ten bristles of row 2 were yellow, in the other 
only one in row 1 and one in row 2. 

(c) A certain tarsal segment had only one secondary tooth though adjacent to 
three yellow bristles in row 1, in contrast to another segment which had three 
teeth and no yellow bristles at all. 

It is thus clear that the size of secondary combs depends on the size of the en/en 
area within the potential comb region independently of the total size of the yellow 
engrailed patch of tissue. 

There remains a brief discussion of certain peculiarities concerning the secon- 
dary sex comb in variegated tarsi. In general no differences between these combs 
and those on homozygous engrailed males were noticed either in shape, size, 
position or arrangement of teeth. Occasionally variants were found of types also 
seen in the controls, Thus, among the secondary sex combs consisting of a single 
tooth, that of one was intermediate in shape between a typical macrochaeta and a 
sex comb tooth (Figure 10a), those of three were unusually short (Figure 10b), 
and that of another unusually thin. In still other instances, the tooth was straight 
instead of being slightly curved. Since, as stated, these variants occurred also in 
nonmosaic tarsal segments, it is not necessary in the mosaic segments to invoke 
an influence of the neighboring en/+ tissue. However, a few variants were ob- 


SECONDARY SEX COMBS 169 


served which were not encountered in the controls. On one mosaic tarsus the 
single tooth of the secondary comb had differentiated at the position of the most 
distal end bristle of row 1, i.e., laterally of the area of normal differentiation. Only 
one bristle, that adjacent to the tooth, in row 1 was yellow, all others being non 
yellow. The tooth itself was straight and pointed in the same direction as the 
normal end bristle of row 1 which it replaced (Figure 11). In three other cases 
one of the normal, nonyellow bristles of row 2 had differentiated between the 
secondary sex comb and the distal end of the tarsal segment (Figure 7a, 12a-c). 
These may have been mosaic tarsi in which the homozygous en tissue occupied 
only a small part of the proximal secondary sex comb area while the distal part 
contained heterozygous en/-+ tissue in that area in which the distal bristle of row 
2 had formed. 

Variegation including the area of the primary sex comb: In experiments re- 
ported in this paper 85 mosaic tarsal segments possessed areas occupied by new 
genotypes obtained from somatic segregation which included the area of the pri- 
mary sex comb, (Of these, 36 were found in the preliminary experiment, 3 in 
Experiment I, and 46 in Experiment II.) Among these tarsi, 49 could be analyzed 
in detail as to the extent of the homozygous engrailed area (Table 4). It is seen 
that the extent of the area varied from such small size as to include only a single 
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Ficure 11.—No. 17. Ficure 12.—a. No. 54; b, c. No. 65 (outer and inner side). 
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TABLE 4 


Classification of the mosaics in the primary sex comb area according to the mosaic part 





Yellow bristles not including primary sex comb 








Primary sex Number of Number of rows to which 
comb teeth Other bristles bristles the yellow bristles belong 

A’ mosaic (48) * + (28) 0 
mosaic (20) 1 (5) No.3.5+(1), 5.5(1), 6(1), 


No.7 (1), transverse row (1). 


More than 2 No.5(1) 
(15) transverse rows (6) 

transverse rows + No.1’ (3) 
transverse rows + No.7 (2) 
transverse rows + No.5.5 + No.6 
+ No.7 (1) 
No.7 + No.5.5 + secondary sex 
comb tooth + No. 1 (2) 


B_ yellow (1) mosaic (1) Many (1) transverse rows ++ No.1’ + No.4 + 
No.5 + No.6 + No.7 (1) 





* Number of cases is shown in (). 

+ No.3.5 means the bractess bristle between row 3 and row 4; the same for No.5.5 (between row 5 and 6). 
yellow tooth on an otherwise not yellow segment to one segment in which the 
yellow area included rows 4, 5, 6, 7, the whole primary sex comb, all transverse 
bristle rows and row 1’ (Figure 13a,b). Indeed, this last named segment had the 
largest homozygous engrailed area of any mosaic tarsus obtained. More such 
extensive segregated areas could be expected in the future if the larvae were 
irradiated at younger stages and less heavily. 

In general, the yellow bristles or segments with variegation involving the 
primary sex comb were confined to rows 4, 5, 6, the transverse rows and row 1’. 
Only two exceptions were encountered, in experiment II. These two tarsal seg- 
ments had each two separate areas of yellow tissue, one involving the primary, 
the other the secondary sex comb area. They have already been partly discussed 
under variegation in the area of the secondary comb. Here, they are once more 
considered in regard to the primary comb area. One of these segments had ten 
primary teeth, the most distal one of which was yellow as were also some bristles 
between row 6 and the transverse rows as well as two out of the three bractless 
bristles between rows 5 and 6 or row 5.5. The secondary teeth were two in num- 
ber, yellow and accompanied by six yellow bristles in row 1. The other segment 
(Figure 12b,c) had 12 primary teeth of which the three most distal ones were 
yellow as were also three bristles between row 6 and the transverse rows, as well 
as one of the three bractless bristles of row 5.5 (Figure 12b,c). The single secon- 
dary tooth was yellow and accompanied by four yellow bristles in row 1. It seems 
most likely that each of these two tarsal segments showed the results of two inde- 
pendent occurrences of somatic crossing over in the imaginal leg disc of the 
irradiated larvae. 
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The border lines between the yellow and not yellow areas in this group of 
variegated segments usually fell between the various bristle rows. Some exceptions 
were seen. Thus, occasionally rows 1’ and 1 were yellow, while the transverse 
rows were not yellow or vice versa; or, a bristle in row 3 or 4 corresponded in 
phenotype to that of its adjacent row rather than its own. An example is shown 
in Figure 13a,b where the distal bristle of row 4 is not yellow as were those of 
rows 3, 2, and 1, while the other three bristles of row 4 together with all bristles 
in the rest of the segment were yellow. It is thus clear that the cell lineage con- 
cerning the origin of bristle rows in the tarsal segment is not absolutely fixed 
but shows occasional shifting. 

Some primary sex combs had teeth which had either no or only a small amount 
of pigment, and the same was true for some bristles. Such unpigmented teeth or 
setae occurred in otherwise not variegated segments and, in a few cases occurred 
together with a typically yellow tooth or teeth of a variegated primary comb. 








3a I3b 


Ficure 13.—a, b. No. 51 (dorsal and ventral side). 


Ficure 14.—Extra sex comb differentiation on the second tarsal segment of a foreleg, induced 
by X-ray irradiation of a heterozygous en/-+ male larva. No. 12 from Experiment II. 
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The nature of this absence of pigment is not understood. The cases of this type of 
variegation were not included in Table 4, but they are summarized in Table 5. 

The data reported both in the present and preceding sections show that there 
is only a remote developmental relation between the area of the secondary sex 
comb and the area covering rows 4, 5, 6, 7 and the transverse rows in contrast to 
the close relation to rows 1, 2 and 3. This follows from the fact that most of the 
variegated segments showed either variegation within rows 1 to 3 or outside of 
this area. 

Abnormalities in the forelegs of treated males: Apart from genetic mosaicism, 
a number of malformations were induced by the larval irradiations. Sometimes, 
though rarely, general malformation of the tarsal structure was observed accom- 
panied by disturbance of the entire arrangement of bristles including the primary 
sex comb. Most frequent were irregular arrangements of the primary teeth and 
the primary comb. At times sex comb teeth had differentiated on the second tarsal 
segment (Figure 14), or on the third or fifth segment. 

It was decided to study whether the induction of abnormalities of sex comb 
differentiation was connected with the fact that the treated larvae were all hetero- 
zygous for engrailed, or whether this was a general property of various consti- 
tutions. Accordingly, larvae of varying ages of both homozygous nonengrailed 
(Canton-S and stw’/T(Y;2)B) and engrailed (pr en and stw* en) genotypes 
(Table 6) were irradiated. Of the four stocks treated stw*/T (Y;2)B, which is free 
from en, was the most sensitive one in terms of induced extra sex comb teeth. As 
in the cases of extra teeth in en/+ males, most extra teeth appeared close to the 
primary sex comb on the first tarsal segment. Where the extra teeth formed on 
a more distal tarsal segment it was always located on the inner or ventral side 
of the tarsus, i.e. the same side where the primary comb is differentiated, but 
without preference for a proximal, intermediate or distal position on the segment. 

These observations suggest that the differentiation of extra teeth is related to 
the area of the primary sex comb and its developmentally correlated regions on 
the more distal tarsal segments. Such a developmental relation is demonstrated 
by the cell lineage in genetic mosaics along the tarsus—in those instances where 
the variegation of the first segment extended to other segments a given genotypic 
area occurred on the different segments along the same longitudinal line, that is, 
on the same side of the tarsus. 


TABLE 5 


Classification of tarsi mosaic in the primary sex comb area according to variegated 
teeth pigmentation 





Pigmentation of the not wild type teeth of the primary sex comb 





No pigment plus 





No pigment yellow teeth* Yellow* Total 
Preliminary exp. 10 3 33 46 
Exp. I 0 0 3 3 
Exp. II 6 3 43 52 





* In the preliminary experiment straw instead of yellow was present. 
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TABLE 6 


The differentiation of extra sex comb teeth on male tarsal segments after X-ray irradiation 





Adult males 





Cases of extra sex 
comb teeth differentiated 





Age at 





irradiation} Number of Percent of Irregular On On Percent per 

(hour unit irradiated emerged primary first second total male 
Genotypes* after hatching) larvae adult flies Total sex comb tarsus tarsus  tarsals 
Canton-S 31-78 4567 81.2 1776 113 2 0 0.05 
stw?/T(Y;2)B 30-78 1999 55.3 1107 160 33 2 3.29 
pren 30-78 1763 23.87 173 9 + 0 1.15 
stw? en 50-75 2133 72.85 776 26 8 0 0.51 





* pr=purple eye color; T(Y;2)B=a Y-2 translocation. The stw’ en stock was obtained from crosses of the pr en and 


stw®/T ( Y;2)B stocks. 
+ The X-ray dosage was about 1450r, effective age of irradiation for extra teeth differentiation was 45 to 78 hours after 


hatching 


The extra teeth induced by. X-rays then seem to be due to disturbances caused 
in the prepattern area of the primary sex comb. If there is a prepattern for a 
secondary sex comb, as suggested by the results of the study of mosaics, it remains 
to be determined why no disturbances resulting in extra teeth were induced in 
the prepattern area of the secondary comb. 


DISCUSSION 


The engrailed prepattern of a secondary sex comb: The results of the study of 
first tarsal segments mosaic for heterozygous and homozygous engrailed tissues 
show clearly that the heterozygous en/+ segment possesses a singular region 
which is able to evoke the differentiation of a secondary sex comb provided it 
contains cells competent to respond to this prepattern. Heterozygous cells are not 
competent to do so, but homozygous en/en cells, even if present in a small patch 
only, react by formation of sex comb teeth. It may be assumed that homozygous 
normal +-/+ segments also possess the prepattern for secondary sex comb forma- 
tion since the general chaetotaxy of +/+ and en/+ segments is alike. 

The appearance of a secondary sex comb caused by a single-locus mutation is 
dependent on a prepattern which remains normally unknown but whose existence 
is made explicit by the response of the mutant genotype. It has been pointed out 
before by STERN (1954a,b) that the absence of a primary sex comb in various 
species of Drosophila and its presence in other species is not necessarily to be 
regarded as a difference in fundamental organization of the developing forelegs, 
but possibly only as a difference in response to an invariant prepattern. The first 
appearance of a sex comb in evolution could then be due to a single mutation 
which on account of its production of a strikingly new structure could be called a 
macromutation. This interpretation of the origin of a primary sex comb could be 
countered by the question whether the species without comb are not perhaps 
derived from species with a comb. In this case the prepattern of the latter species 
and therewith the origin of the primary comb could have been the result of an 
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accumulation of a polygenic system, in response to selective forces favoring a sex 
comb, and the absence of a comb in spite of the presence of a prepattern in comb- 
less species only the result of mutational loss of response. 

This argument would not apply to the secondary sex comb. There are no 
Drosophila species which possess such a structure normally so that it cannot be 
assumed that the presence of a prepattern for this comb is the result of former 
selective agents specifically involved in the establishment of this structure. Rather, 
this developmental prepattern is a potential evolutionary prepattern ready to 
become manifest if selection should favor the formation and establishment of a 
secondary sex comb. Since, in a sense, the secondary comb is a mirror image of 
the primary, the formation of the two prepatterns in development may be the 
consequence of a single process of determination which results in two symmetri- 
cally placed singular regions. 

The analysis of the distribution of secondary sex comb teeth on the tarsal seg- 
ment indicates the existence of a relatively large prepattern area with a gradient 
of effectiveness in evocating tooth formation—strong at the normal site of the 
secondary comb and weaker toward the periphery. Thus, in mosaics an en/en 
cell which happens to occupy only a peripheral area will differentiate a tooth 
even though normally in this area the typical end bristle of row 1 would have 
been formed. Such differentiations are similar to those found in achaete—non- 
achaete mosaics. For these STERN (1954a,b) found some specimens in which ac* 
tissue which is normally responsible for the differentiation of the thoracic dorso- 
central bristles did not cover the site of these bristles but only an area close to it. 
Had the whole individual been ac+ no dorsocentral bristle would have been 
formed in this area. In these mosaics, however, where no dorsocentral bristles 
could differentiate at the typical sites, the neighboring area did evoke this differ- 
entiation. An interpretation of this situation assumed a prepattern area with a 
gradiant of effectiveness: a peak at the site typical for the differentiation but 
potential evocation at lower levels away from the typical site (STERN 1956a). 
Normally, differentiation of a structure in the peak area acts as an inhibitor of 
differentiation outside of it, but failure of differentiation in the peak area permits 
differentiation in a peripheral region of the prepattern area. A similar interpre- 
tation may apply to the prepattern of the secondary sex comb. On the other hand, 
it is possible that the location of the peak of its prepattern may vary from one 
tarsus to another. This is suggested by the variations in the position of the second- 
ary comb in different homozygous engrailed male individuals. An alternative 
interpretation to the gradient and inhibition concept of the formation of a second- 
ary tooth at the position of a normal terminal bristle of row 1 is, therefore, the 
assumption that in these cases the peak of the prepattern happened to be at or 
near the end of row 1. 

The developmental relations between the prepatterns of the primary ana 
secondary sex combs: A study of cell lineage in the mosaic first tarsal segments 
of males leads to the conclusion that this segment can be divided developmentally 
into two parts. One of these includes the primary sex comb area, the transverse 
rows on the ventral side and the adjacent rows on the inner side of the segment; 
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the other includes the secondary sex comb area and the rows on the outer side. The 
close association between each sex comb and the bristle rows listed and the very 
rare associations between the two combs themselves suggest that the separate 
differentiation of the two prepatterns occurs at a rather early developmental stage. 

There is a striking difference in the variability of the primary and secondary 
sex combs in homozygous engrailed males, the secondary comb being much more 
variable in extent and position than the primary. Another difference between the 
two is the fact that larval irradiation causes differentiation of extra teeth in areas 
related to the primary comb but not in those related to the secondary comb. The 
normal genotype seems to be specifically sensitive to evocation of teeth in the area 
of the primary comb and insensitive to evocation in the area of the secondary 
comb, while the engrailed genotype is specifically sensitive to respond to evoca- 
tion in the area of the secondary comb and does not increase response in that of 
the primary. It is not clear whether these differences are exclusively related to 
response or whether there are also intrinsic differences in the two prepatterns. 


SUMMARY 


1. In Drosophila melanogaster, the recessive autosomal allele engrailed (er) 
leads to the formation of a secondary sex comb on the first tarsal segment of the 
male foreleg. The developmental action of en was studied by means of patches 
of en/en tissue on en/+ forelegs. These mosaics were obtained by induction of 
somatic crossing over as a consequence of irradiation by X-rays of en/+ larvae. 

2. In order to distinguish en/en and en/+ tissues pigment markers were intro- 
duced. The autosomal recessive straw failed to give clear separation of the two 
tissues, but the X-linked recessive yellow, translocated to the en-carrying auto- 
some was made to serve as a successful marker. 

3. Most mosaic genotypes can be explained as resulting from somatic crossing 
over between the kinetochore and the locus of en, and a few by crossing over 
between en and the distal end of the chromosome or by double crossing over on 
both sides of en. 

4. The standard bristle pattern of the first tarsal segment of the male foreleg 
in wild-type flies and the characteristics of the secondary sex comb in en/en 
males were investigated. 

5. When en/en tissue occupies the area of the secondary sex comb on en/+ 
tarsi differentiation of teeth occurs even when the homozygous area is small. This 
indicates that nonengrailed as well as engrailed forelegs possess a prepattern for 
a secondary sex comb and that the difference in final phenotype depends on the 
response of the genotypes. 

6. In a mosaic tarsal segment, a small area of en/en tissue located adjacent to 
the area occupied by a secondary comb in nonmosaic en/en segments, may form 
a sex comb tooth. This suggests either the existence of a gradient within the pre- 
pattern region of the secondary comb and inhibition of differentiation outside 
the peak area by formation of a sex comb within it, or possibly individual varia- 
tions in the location of the peak of the prepattern. 
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7. Irradiation by X-rays of wild type or en/en male larvae leads to the forma- 
tion of extra sex comb teeth on the first and more distal tarsal segments in regions 
associated with the primary sex comb only. 

8. Cell lineage studies in mosaics suggest an early developmental separation 
in the leg discs of the regions determining the primary and secondary sex combs. 
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W ITHIN the past few years there has been a revival of interest in the phe- 
nomenon of non random segregation of chromosomes at meiosis; see for 
example Ruoapes (1952); DuNN (1957); Novirsk1 (1951); SANDLER and 
Novitski (1957); SaAnpLeR, Hrraizumi and SANDLER (1958); NovirsK1 and 
SANDLER (1957); LinpsLey and SANDLER (1958); SANDLER and HiraizuMi 
(1959) and Zimmerinc (1959). Since non random segregation may result in 
inequalities in gametic recovery, it is itself a selective force for one allele or 
chromosome as compared to its opposite member, and this phenomenon, Meiotic 
Drive, is of importance in any consideration of population genetics and evolution. 
The first naturally occurring type of non random recovery of meiotic products 
to be described in Drosophila was the sex-ratio trait in the Drosophila obscura 
species group (Morecan, Bripces and SrurTEvANT 1925; GERSHENSON 1928). 
Males of the D. obscura group hemizygous for an X chromosome carrying the 
sex-ratio “gene” may produce predominantly X-bearing sperm and very few that 
are Y-bearing, thus producing practically all female progeny. SruRTEVANT and 
DoszHANsky (1936) have made a cytological study of meiosis in D. pseudo- 
obscura sex-ratio males and have found that there is loss of the Y chromosome 
and two equational divisions of the X resulting in no apparent gametic loss and 
the production of four X-bearing sperm from each primary spermatocyte. In this 
species the abnormal meiotic behavior showed some irregularity, and it was con- 
cluded that sex-ratio males should produce, in addition to the many X-bearing 
sperm, some that were Y-bearing, and also some that were XY or nullo XY. 
These latter two classes of sperm should then result in production of XX'Y females 
and X0 males. Such X0 males have been found among the progeny of D. pseudo- 
obscura sex-ratio males. 

The selective force, or meiotic drive associated with sez-ratio should tend to 
increase the population frequency of the X chromosomes carrying the sezx-ratio 
gene, since such X chromosomes would be transmitted to all of the progeny (the 
females), while normal X chromosomes would be transmitted to only half the 
progeny (the females). 

Thus in a population carrying both sez-ratio X chromosomes and normal X 
chromosomes, in the absence of other selective factors, the sex-ratio X chromo- 
somes should replace the normal X chromosomes. The fact that this does not 
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generally occur is well established, since many populations are known to carry 
both normal and sex-ratio X chromosomes with a wide range of frequencies and 
over a broad geographical area. In the case of D. pseudoobscura DoBpzHANSKY 
(1958) presents data indicating that in some populations carrying the sez-ratio 
gene no appreciable changes in frequency occurred over a 17-year period. 

The explanations offered to account for this apparently paradoxical situation 
fall into two classes. 

1. It has been pointed out by Novirsx1 (1947) that a suppressor system of 
some sort may be operating such that males hemizygous for the sex-ratio gene 
do not always manifest the corresponding trait, thus robbing the sez-ratio X 
chromosome of its special inherent advantage, meiotic drive. Such suppressor 
systems have not been clearly demonstrated in wild populations of the D. obscura 
group; however, Novirsk1 has shown that sez-ratio males carrying an autosomal 
factor may show a “reverse sex-ratio” in which an excess of sons instead of 
daughters is produced. When such males carrying the sex-ratio gene, the auto- 
somal modifiers, and a Y autosome translocation are produced they give a normal 
sex ratio with approximately equal numbers of sons and daughters being pro- 
duced. 

2. It has been suggested that the X chromosomes carrying the sez-ratio gene 
are nonadaptive under certain conditions. WaLLacE (1948) has run D. pseudo- 
obscura population cages carrying mixtures of the normal and sex-ratio chromo- 
somes and has concluded that under certain conditions (low temperature), an 
equilibrium may be established between the two types of X chromosomes. He 
estimated the relative fitness of the genotypes in his cages and emphasized the 
superiority of the heterozygous sex-ratio females over the two homozygous classes 
especially over those that were homozygous for the sez-ratio chromosome. 

SuHaw (1958, 1959) and BENNETT (1958) have studied the problem of popu- 
lation control of sex-ratio mathematically and conclude that WaLLAcE’s popula- 
tions would be expected to come to an equilibrium for the two types of chromo- 
somes, although they point out that the equilibrium he actually obtained does not 
fit that theoretically expected on the basis of his estimates of fitness, possibly 
because the estimates of fitness were made under conditions somewhat different 
than those existing in the population cages. 

It is the purpose of this paper to present the details of a rather complex system 
of suppressors of sex-ratio found in wild populations of D. paramelanica. Sex-ratio 
was found in this species in the course of an analysis of geographical variation of 
chromosomal polymorphism. 

In D. paramelanica as in D. pseudoobscura, phenotypically sex-ratio males 
produce predominantly female progeny. However, as in the latter species a few 
normal XY sons may be produced as well as a number that are XO and sterile 
(presumably the latter come from the nullo XY sperm). No XXY female progeny 
of sex-ratio males have been detected. The cytological analysis of spermatogenesis 
in sex-ratio males has not been carried out in this species, but all available evi- 
dence indicates that the trait is analogous and probably genetically homologous, 


SEX RATIO X CHROMOSOME 179 


at least in part, to sex-ratio in D. pseudoobscura and that the abnormal meiotic 
behavior is similar in the two species. 

When routine crosses were carried out to establish the chromosomal basis of 
the causative “gene” in D. paramelanica it was soon discovered that a rather 
complex suppressor system may exist in hemizygous males. The present paper 
deals with the analysis of the sex-ratio genotype and its suppressor systems. 


MATERIALS AND METHODS 


D. paramelanica is a member of the D. melanica species group. It is found in 
North America with its known range bounded roughly by a line running from 
Virginia to northern Georgia to Missouri to eastern Nebraska to Minnesota to 
northern Michigan to southern Quebec to Maine to Virginia. Although its range 
is extensive, few localities sampled by the author have given any indication of 
very large populations. D. paramelanica is sympatric with a number of other 
species of the group: D. melanica, D. melanura, D. nigromelanica, D. micro- 
melanica and D. euronotus. It forms hybrids with some of these species in the 
laboratory, but so far evidence for hybridization in nature is lacking. 

D. paramelanica is structurally highly polymorphic in the X chromosome and 
second chromosome. The author has not observed inversions in the other auto- 
somes. The chromosomal polymorphism has been described by STALKER (1960). 

In D. paramelanica, as in other Drosophila species showing the X chromosome 
type of sez-ratio trait, X chromosomes carrying the sez-ratio gene differ from 
normal X chromosomes of the same species by a number of inversions (STuRTE- 
vANT and DoszHANsky 1936; DospzHaNnsky and SoKo.ov 1939; Novirsk1 1946, 
1947). Although this fact might at first sight seem to indicate that certain specific 
inversions are indeed causally related to the sex-ratio trait, this is not necessarily 
the case since in the sibling species pair, D. pseudoobscura and D. persimilis, both 
of which have the sex-ratio trait, the inversion X chromosome in D. persimilis 
carrying the sex-ratio gene corresponds in gene sequence to the cytologically 
Standard chromosome in D. pseudoobscura which does not carry the sex-ratio 
gene, thus suggesting that specific inversions per se have nothing to do with the 
trait. 

The material on which this report is based was collected from a number of 
widely separated localities, most of which are listed in STALKER (1960). Some of 
the material used was generously contributed or collected by others, these being 
acknowledged in the earlier paper. 

Unless otherwise stated, all breeding was done at approximately 25°C, using 
standard corn meal-Karo-agar-Tegosept food seeded with live baker’s yeast. 

Stocks and symbols: The most important stocks used in the work to be reported 
are the following: 

Standard 28-12. Cytologically standard stock used in study of chromosomal 

polymorphism. Origin, St. Louis, Mo. 

garnet 944a. Similar to Standard except that it carries the sex-linked recessive 
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gene g (garnet) derived from a Minnesota strain. The Y, cytoplasm and 
presumably the autosomes are Standard in origin. 

PR 886. A stock produced after nine successive generations of backcrossing 
Minnesota Stock F605 males to Standard females. Thus it carries Standard 
cytoplasm and X chromosomes, autosomes which are presumably Standard, 
but a Minnesota Y chromosome (Y*¥®*). 

PR 888. A stock produced after nine successive generations of backcrossing. It 
carries Minnesota cytoplasm and X chromosomes, autosomes which are 
presumably Minnesota in origin, but a Standard Y chromosome (Y**?*). 

sr. The symbol used to represent the sex-ratio gene. The superscripts indicate 
the stock from which the particular gene was derived, thus sr’®* from 
Minnesota Stock F605, etc. 

All Y chromosomes and sr genes are numbered according to the wild strain or 
fly from which they were derived. The majority of wild strains each originated 
from a single wild female inseminated in nature. 

Criteria for classifying males as to their sex-ratio phenotype: In all cases male 
phenotype determinations were based on a count of at least 35 of their progeny; 
in most cases many more than 35 were counted. All counts included the complete 
emergence of each vial used. Larvae in vials to be used for sex-ratio counts were 
fed extra quantities of fresh yeast and were reared in an uncrowded condition. 
Eggs produced by females during their initial two days of oviposition were some- 
times abnormal and were routinely discarded. The observed sex-ratios from indi- 
vidual males (expressed as number of males per 100 females) varied from 0 to 
209. The frequency distribution of 730 progeny counts from divers experiments 
is summarized below in Table 1. It will be noted that the distribution is bimodal 
with a valley in the 20 to 50 range. Since some of the low sex-ratios could repre- 
sent heterozygous lethality in the female parent, only counts showing a sex-ratio 
of 20 or less were considered as indicating the sez-ratio phenotype in the father. 
Although this procedure undoubtedly caused some misclassification of phenotype, 
almost all such dubious cases could be clarified by retesting. 

Except for some of the preliminary crosses, all tests of male sex-ratio pheno- 
types involved crossing the male in question to homozygous g/g females or 


TABLE 1 


Frequency distribution of 730 sex-ratio counts from single pair-matings from divers experiments. 
Sex ratio is given as number of males per 100 females. All ratios are based on 
a count of 35 or more progeny 








Sex ratio N Sex ratio N Sex ratio N 
0-4 228 30-39 6 120-139 46 
5-9 49 4049 6 140-159 22 

10-14 16 50-59 12 160-179 12 
15-19 10 60-79 68 180-199 4 


20-24 4 80-99 130 200-209 1 
25-29 5 100-119 111 SEA Maks fe 








SEX RATIO X CHROMOSOME 181 


heterozygous sr/g females. Since this procedure resulted in all or half of the sons 
produced being garnet, any viability reduction associated with the garnet pheno- 
type would have produced an artificial reduction in the estimated sex-ratio 
phenotype of the tested male. In order to investigate this possibility counts were 
made of 257 pair matings, involving divers +/Y males and females of the follow- 
ing genotypes: g/sr/*#**, g/sr¥*°?, g/sr!78*, g/sr¥*t-69! and g/sr***, From these five 
series of crosses a total of 7,419 males were produced. The observed viabilities of 
garnet as compared to wild-type male progeny were: 1.03, 1.07, 0.97, 0.98 and 
0.94 for the five series respectively. The over-all relative viability of garnet males 
was 0.99. Thus, the presence of the garnet mutant on one or both X chromosomes 
of the female used in tests caused little distortion in the observed sex ratio of the 


progeny. 
OBSERVATIONS AND EXPERIMENTS 


The sex linkage of the sr gene: Evidence for the location of the sr gene was not 
obtained at the beginning of the experiments to be discussed, but in order to 
shorten. and simplify the presentation, the data to establish this point will be pre- 
sented first. In the study of males showing the sex-ratio phenotype it was soon 
noticed that all of them had a characteristic constellation of short inversions on 
the two arms of the X chromosome: inversions XL A and B in the left arm and 
inversions XR C and B in the right arm. Other inversions might be present in 
addition, but with exceptions to be discussed below, these four were always found 
in phenotypically sez-ratio males. These four inversions practically eliminated 
crossing over in females heterozygous for a Standard and multiple-inversion X 
chromosome. 

By crossing females homozygous for the multiple-inversion (sez-ratio) chromo- 
some to males carrying sex-linked recessive garnet, heterozygous garnet females 
were produced, which in their turn produced sons carrying either the garnet or 
the multiple-inversion X. One hundred and eighty-seven such sons derived from 
19 females were tested for sezx-ratio phenotype; the results are presented in 
Table 2. It will be noted that none of the garnet males showed the sez-ratio 


TABLE 2 


Localization of sr genes, using sex-linked recessive garnet (g). 
Homozygous sr/sr2 9 X g/Y 8 8; F, g/+22X +/Yé 6; male progeny tested 





Male phenotypes 








No. mothers Normal-eyed Garnet-eyed 
Sex-ratio gene of testedd’ Normal Sex-ratio Normal Sex-ratio 
St. Louis sr/482 6 0 23 24 0 
Minnesota sr¥605 8 0 33 44. 0 
5 8 23 32 0 
Totals 19 8 79 100 0 





Tested males carried Y chromosome incapable of suppressing sr gene. 
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phenotype while all but eight of the normal-eyed males showed it. These eight 
exceptions were tested cytologically and were shown to carry the multiple-inver- 
sion X chromosome, indicating that there had probably been no loss of the sr gene 
through crossing over and that sr was on the X chromosome but was not always 
expressed. This rather trivial “minor” suppression of the sex-ratio trait is to be 
discussed later in the paper. 

The major suppressor system of sr, preliminary analysis: The first indication of 
sex-ratio trait in D. paramelanica was the appearance of essentially unisexual 
progenies when wild-caught males (or sons of wild-caught, nonvirgin females) 
from Minnesota were crossed to Standard 28-12 laboratory females in the course 
of analysis of chromosomal polymorphism. Egg counts quickly established the 
fact that the absence of male progeny was not the result of lethality during the 
course of development. 

Since in other species the sez-ratio sr gene is carried on the X chromosome, it 
was expected that the sr/+ daughters of phenotypically sez-ratio males should, 
when mated to Standard 28-12 males, produce equal numbers of sr/Y and +/Y 
sons. A total of 48 such females in all have been used to produce 349 tested sons; 
in no cases were any of the sons phenotypically sex-ratio, (Table 3A). This result 
suggested a major suppressor system for the sr gene. 

In order to test the possible suppressing effect of the cytoplasm, sex-ratio males 
from the Minnesota stocks were crossed to females from the same stocks, and the 
F, sr/+ or sr/sr daughters crossed to +/Y Standard 28-12 males. The sons pro- 
duced by this last cross should have been sr/Y in at least half the cases, and all 
had cytoplasm derived from the Minnesota strain. None of the 143 such males 
derived from 25 F, females showed the sez-ratio phenotype, (see Table 3B). This 
suggested that the cytoplasm was not of major importance in suppressing sr. 

If the Standard 28-12 stock carried one or more autosomal dominant suppressors 
of sr these could have accounted for the results given in Table 3A and 3B. Such 
autosomal dominant suppressors, unless they occurred at many loci, might be 
eliminated by crossing individuals heterozygous for them, such as those which 
were tested above. Accordingly sr/+ Minnesota stock females were crossed to 
Standard 28-12 males and the progeny pair-mated. The males produced by these 
pair-matings were then tested. One fourth of them should have been sr/Y, and 
many of them should have been homozygous for autosomal genes derived from 
the Minnesota stocks, thus eliminating possible dominant autosomal suppressors 
from Standard 28-12. A total of 181 males derived from 31 such pair-matings were 
tested. None showed the sez-ratio phenotype (Table 3C) suggesting that dominant 
autosomal suppressors in Standard were not of major importance. 

Finally, the Y chromosome in all of the above tests had been derived from 
Standard 28-12. In order to test its suppressor effect Standard 28-12 females were 
mated to Minnesota stock sr/Y™'™- males and the F, daughters backcrossed to 
Minnesota +/Y™'"®- males. The sons produced by this last cross should have been 
sr/Y™'™™. or +/Y™in®. with equal frequencies. When these sons were tested 
(Table 3D), it was found that 71/199 of them showed the sez-ratio phenotype 
and that the Standard 28-12 Y chromosome was indeed suppressing the effect of 
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the sr gene. The fact that less than half of the males showed the sex-ratio pheno- 
type suggests either an additional minor suppressor system or lowered viability 
of males carrying the sr gene. 

As an additional test of the hypothesis that the Y chromosome was the major 
suppressor of sr, crosses were carried out using stocks PR 886 and PR 888 (see 
above). Crosses of the sr™'""-/+ females to stock PR 886 regularly resulted in the 
production of phenotypically sex-ratio sons although this stock was essentially 
Standard except for its Y chromosome which was Minnesota in origin. Conversely, 
crosses of sr“i""-/+- females to stock PR 888 never resulted in the production of 
sex-ratio sons although this stock was essentially Minnesota in origin except for 
the Y chromosome which was Standard Y***”. 

The geographical distribution of the Y-suppressor components: With the estab- 
lishment of the fact that the sr gene could be suppressed by certain types of Y 
chromosomes, a geographical survey was carried out to determine whether there 


TABLE 3 


Summary of preliminary tests of males for sex-ratio phenotype 





A. Wild Minnesota sr/Y ¢ X Standard +/+ 9 2; F, sr/+ 9 X Standard +/Y é; male progeny 
tested. Half of tested males should be sr/Y, all have Standard cytoplasm and 
Y chromosome and mixed Standard-Minnesota autosomes. 








No. mothers Male phenotype 
Sex-ratio gene of tested’ dt Sex-ratio Norma 
Minnesota sr¥6! 36 0 265 
Minnesota sr¥'605 12 0 84 
Totals: 48 0 349 


B. Minnesota stock sr/Y é X Minnesota stock +/+ 9; F, sr/-+ 2X Standard +/Yé; male 
progeny tested. Half of tested males should be sr/Y, all have Minnesota 
cytoplasm, mixed autosomes and Standard Y chromosome. 





No. mothers Male phenotype 
Sex-ratio gene of tested’ 0 Sex-ratio Normal 
Minnesota sr?! 18 0 98 
Minnesota sr¥'6%% 7 0 45 
25 0 143 


Totals: 


C. Minnesota stock sr/-+ 2 x Standard +/Y é ; F, progeny pair-mated; F,, male progeny tested. 
One fourth of tested males should be sr/Y, all have Minnesota cytoplasm, 
mixed autosomes and Standard Y chromosome. 





Pairs producing Male phenotypes 
Sex-ratio gene tested males Sex-ratio Normal 
Minnesota sr¥'69 31 0 181 


D. Standard +/+? 2 x Minnesota stock sr/Y 6; F, sr/+ 9X Minnesota stock +/Yé; male 
progeny tested. One half of tested males should be sr/Y, all carry Standard 


cytoplasm, mixed autosomes and Minnesota Y chromosome. 
No. mothers Male phenotype 
of tested’ Sex-ratio Normal 


128 


Sex-ratio gene 


Minnesota sr’'601 28 71 
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was some regularity in the distribution of the suppressor Y chromosomes, and 
secondly to determine whether all sr genes were in fact Y suppressible. 

The discovery of an sr gene in the St. Louis area (sr/**?) which was not sup- 
pressed by either Standard Y**-!? or the Minnesota Y chromosomes Y"®! and Y*°® 
indicated that at least as far as these three Y’s were concerned, there existed sr 
genes which were not Y suppressible. This finding indicated that there were at 
least two kinds of Y chromosomes and at least two kinds of sr genes. The situation 


is summarized in the scheme below. 





Y chromosomes 








St. Louis Minnesota Minnesota 
Sex-ratio gene ‘y28-12 ‘yo bs cea 
St. Louis sr/4#? Not suppressed Not suppressed Not suppressed 
Minnesota sr’! Suppressed Not suppressed Not suppressed 
Minnesota sr**°* Suppressed Not suppressed Not suppressed 





According to this scheme Y chromosomes might then be classified by their 
ability to suppress sr genes such as sr¥**!, Sex-ratio genes, on the other hand, 
could be classified as to whether or not they were suppressed by Y chromosomes 
such as Y?*?, 

The first series of tests made involved extensive use of stocks such as PR 888 
and PR 886. These tests were tedious since in the initial absence of an adequate 
marker for the X chromosome, males to be tested were derived from sr/+ 
females, and only half of such males could be expected to be sr/Y, thus requiring 
extensive testing in order to be sure of utilizing at least some of such individuals. 
With the discovery of sex-linked recessive garnet (g), the usual testing procedure 
was that indicated in Chart 1. 

In this scheme sr/Y° males were repeatedly phenotype tested by crosses to 
sr/—(sr/sr or sr/g) females. In the event that all of the males in the first test 
proved to be phenotypically normal their sons could then be retested by further 


g/g #2 x _sr/y° sex-ratio & 


Sep at 


a g/sr g/sr 22 x sr/y° sex-ratio & 
TEST: sr/y? i X sr/- sr/- x sr/Y2 sex-ratio & 


—r” 


RETEST: A 3 x srt 


Cuart 1.—Diagram of breeding system used for the production and testing of various kind of 
sr/Y males (see text). 
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crosses with the next generation of sr/— females. It will be noted that all of the 
sr/Y* males used were phenotypically sez-ratio and hence were not themselves 
suppressed by the minor system. With each successive repetition of male testing, 
repeated outcrosses to such nonsuppressed sr/Y* males were involved. If such a 
system were continued through enough steps the minor suppressor system should 
ultimately become diluted or eliminated, and ultimately the sez-ratio phenotype 
should appear in the sr/Y” males which were being tested. If after many such tests 
and retests all sr/Y° males remained phenotypically normal, then it was assumed 
that the suppression was due to the Y chromosome rather than the minor system. 
In a few critical cases as many as ten tests and retests of this sort were carried out; 
in the majority of cases such extensive retesting was not needed, since any one sr 
gene or Y chromosome was tested in many combinations, and thus the decision 
as to how it should be classified depended on many tests rather than on a few 
critical ones. A careful examination of Table 4 will show that the data in the 
table have a high degree of internal consistency, indicating that extensive retest- 
ing was generally unnecessary. Detailed data will be given later relevant to the 
success in ultimately eliminating the minor suppressor system by the technique 
described above. 

A total of 229 combinations of various sr genes and Y chromosomes were tested 
in all. The majority of these tests are summarized in Table 4. In this table those 
combinations of sr genes and Y chromosomes which resulted in the sex-ratio 
phenotype in males are marked “+’’, although this does not necessarily indicate 
that all males with such sr/Y combinations showed the sex-ratio phenotype, since 
some of them may have been suppressed through the minor suppressor system. 
Thus, for example, while sr/#*?/Y*** gave the sex-ratio phenotype in 12/12 of 
the males tested, the combination sr/***/Y‘''** showed the sex-ratio phenotype in 
only 1/5 of the five males tested. Both combinations are marked “+” indicating 
that this combination could produce the sex-ratio phenotype. The fact that the 
minor suppressor system can hide the effects of the Y chromosome suppression 
makes classification for the latter condition difficult and in certain cases frankly 
uncertain. In all those instances in which a certain combination of sr gene and Y 
chromosome failed to result in any sez-ratio phenotypes, the number of males 
tested is given after a minus sign, thus for sr’**°/Y?*-!? the “—45” in the body of 
the table indicates that 45 such males were tested and all were normal. The data 
have been arbitrarily divided up into those combinations which indicate Y chro- 
mosome suppression, those which do not, and those which were doubtful. Al- 
though some misclassification must occur by this method, it is felt that this will 
not distort the general interpretation which emerges. 

In order to simplify the explanation the conclusions will be presented first, and 
then the supporting data drawn from the table. 

The sr genes which are predominantly northern in distribution differ from 
those which are predominantly southern. Y chromosomes which are predomi- 
nantly northern likewise differ from those which are southern in distribution. 
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The typical interaction of Y chromosomes and sr genes may then be represented: 


Sex-ratio gene Y chromosome Phenoty pe 

Northern type Northern type sex-ratio 

Northern type Southern type normal 

Southern type Northern type sex-ratio | 
Southern type Southern type sex-ratio 


It is of course understood that all sex-ratio phenotypes are contingent on non- 
interference from the minor suppressor system. 

Thus only Northern-type sr genes are capable of Y chromosome suppression. 
Southern-type sr genes are suppressed by no Y chromosome. Only Southern-type 
Y chromosomes are capable of sr suppression. Northern-type Y chromosomes 
suppress neither their own nor the Southern-type sr genes. 

In Table 4 the Y chromosomes and sr genes have been grouped according to 
their properties. The first nine Y chromosomes, Y**"? to Y°S"-** are, by their 
proven ability to suppress some sr genes, Southern type. It will be noted that 
those Northern-type sr genes which they are capable of suppressing are grouped 
on the right-hand side of the table, and these six genes, sr’**? to sr?*°” show a con- 
sistent picture of complete suppression with the nine Southern-type Y chromo- 
somes, In the lower section of the table (the 33 Y chromosomes from Y‘*® to 
YY? inclusive) the Y chromosomes do not give evidence of suppressing sr genes, 
even those of Northern type which were so completely suppressed by the first nine 
Southern-type Y chromosomes. These nonsuppressing Y chromosomes are then 
classified as Northern type. It will be noted that certain combinations of Northern- 
type sr gene and Northern-type Y chromosomes failed to give the sez-ratio pheno- 
type, (e.g. sr¥55/YSH-20 and sr¥61/Y°SH-108)_ However, in these cases the total 
numbers of negative tests were small, and the fact that these two Y chromosomes 
did yield the sez-ratio phenotype with sr’**? is taken as evidence that the Y 
chromosomes are indeed Northern type since sr’'-*’ is clearly Northern type as 
evidenced by its consistent suppression with the four Missouri Y chromosomes 
with which it was tested. The group of seven Y chromosomes in the middle section 





TABLE 4 


Summary of sex-ratio phenotypes associated with various combinations 
of sr genes and Y chromosomes* 





Sex-ratio genes 











2 2e¢e.oei. a 6 a. u2.-—)6)36.f_ 2 2 Oe Oe ee ee ee eee ee 








Southern Northern 
St. St. ; | Bridge- 
Louis, Louis, Watseka, Lincoln,»C.S.H., ! water, 
Mo. Mo. Ill. tebe. 5 NY. 2 Vt Little Falls, Minnesota 
> — 
Y chromosome £482 {786 W-691 L-2 }CSH- 108 | Vt-50 F565 F601 F602 F605 F607 
St. Louis Standard 28-12 + + + +34 1 45 —13 —2971.. 1451-95 
St. Louis £688 -+- sy a + |—16 ! —16 — 6 ; jon a4 : 
St. Louis £683 + + + ;— 11-18 —4.. . —3 
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* In the body of the table + indicates that at least some of the tested males for that particular sr/Y combination had the sez-ratio 


phenotype. In those sr/Y combinations in which no males showed the sez-ratio phenotype the number of males tested is shown after a 


minus sign. See text. 
+ Number of tested sr/Y males estimated on the assumption that half of the sons of sr/+ females would be sr/Y. 
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of the table, Y'**° to YY-*** cannot be definitely classified. It is true that they all 
show normal phenotypes when in combination with the Northern-type sr genes, 
but the numbers of males and sr/Y combinations tested are so small in each case 
that it is possible that some of these Y chromosomes are actually Northern type 
but show suppression through the minor suppression system. The fact that all 
seven are southern in distribution suggests that they are in fact Southern-type 
Y chromosomes. It will be noted that sr°S"-!”* in the middle of the top of the table 
has not been classified as either Northern or Southern type. This is because of the 
fact that it showed the sex-ratio phenotype in 9/28 of the sr°S"-19*/Y?5-!2_ males 
tested. Y**-!* is clearly Southern type, as indicated by its suppressing abilities, so 
that on the basis of these nine sez-ratio males sr°S"-!°* should be considered 
Southern type. However the 19 males tested with the other three Southern-type 
Y chromosomes from Missouri were all normal phenotypically, and this rather 
unexpected result led to the indefinite classification of sr°S”~°*, It is of course 
understood that some of the difficulties experienced in classifying the sr genes and 
Y chromosomes into two classes may indicate that there are actually more than 
two classes of each. While this interesting hypothesis is kept in mind, the techni- 
cal difficulties caused by the interference of the minor suppressor system are such 
that it was not felt worthwhile to collect the mass of additional data required to 
settle the point. 

The geographical distributions of the sr genes and the various Y chromosomes 
are presented in Table 5 and Figure 1. In Table 5 the 11 sr genes listed in Table 4 
are given, and in addition 25 sr genes from Iowa, two from Tennessee and one 
from Michigan were tested and are included in the table. 

In Figure 1 the dotted outline indicates the known geographical range of D. 
paramelanica. In this figure Northern-type Y chromosomes are indicated by N, 
Southern type by S, and unclassified Y chromosomes by ?, the precedent number 
in each case indicating the number of Y chromosomes of each type. 

It will be noted from Table 5 and Figure 1 that functionally Northern-type sr 
genes and Y chromosomes are more northern in their distribution, and Southern 
type are correspondingly more southern. However there is considerable overlap. 


TABLE 5 


Geographical distribution of sex-ratio genes 





Sex-ratio gene type 





Locality Northern Southern 
Great Smoky Mts., Tenn. 0 2 
St. Louis, Missouri 0 2 
Watseka, Illinois 0 1 
Lincoln, Nebraska 0 1 
Cold Spring Harbor, N.Y. 1? 

Mt. Vernon, Iowa 0 2? 23 
Bridgewater, Vermont 1 0 
Little Falls, Minn. 5 0 

1 0 


Plainwell, Michigan 
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Ficure 1.—The geographical distribution of D. paramelanica and the two types of Y chromo- 
somes. The dotted outline indicates the known distribution of the species. Northern-type Y chromo- 
somes are indicated by N, Southern type by S, and unclassified Y chromosomes by ?, the precedent 
number in each case indicating the number of Y chromosomes of each type. 


Thus for example in Minnesota, with eight Y chromosomes tested, six are 
Northern type and two Southern. Likewise in St. Louis, with 13 Y chromosomes 
tested, six are definitely Southern type, six are possibly Southern, but one (Y‘*’°) 
is clearly Northern type. 

The minor suppressor system: As noted above, some males carrying the sr gene 
were phenotypically normal even when they carried a Y chromosome incapable 
of suppressing the sex-ratio phenotype; that is, they were effected by the so-called 
‘“‘minor’’ suppressor system. This alternate system was found to be widespread, 
both in laboratory stocks and in wild populations. 

In testing sr/Y males for their phenotype, if they were shown to be phenotypi- 
cally normal in the first series of tests, then as mentioned above, their sons bearing 
the same Y chromosome were crossed to females carrying the same sr gene but 
derived from males which had shown the sex-ratio phenotype, and thus were not 
affected by the minor suppressor system. From this last cross new sr/Y males were 
produced for retesting. In some cases only after repeated tests and backcrosses of 
this type was it possible to eliminate the effects of the minor suppressor system 
and demonstrate the sex-ratio phenotype. 

In Table 6 some numerical data are given showing representatives results of 
repeated retesting. The fractions in the body of the table indicate the numbers of 
phenotypically sez-ratio males out of the total males tested. It will be noted that 
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TABLE 6 


Comparisons of tests and retests* 











Male genotype Test Retest-1 Retest-2 Retest-3 Retest-4 
srV t-50 /Y28-12 0/17 0/13 0/8 0/7 

srVt-50 /Y (688 0/2 0/4 0/3 0/4 0/3 
srVt-50 /YCSH-94 0/4 0/4 0/3 0/5 0/4 
srF601/YLS561 0/3 0/3 0/3 0/3 0/2 
srF601 /YWat-696 0/7 0/10 0/9 hep 
sr F601 /Y¥28-12 0/202+ 0/5 0/12 0/8 

sr F605 /Y28-12 0/116+ 0/11 0/18 

srVt-50 /YF60S 0/5 0/4 8/8 
srV t-50 /Y Wat-690 0/2 0/5 3/3 

sr F565 /YF605 0/4 1/3 
sr F601 /YF605 0/2 2/6 

sr CSH-108 /Y¥28-12 0/2 6/6 





* In the upper section of the table are examples of those sr/Y combinations demonstrating Y chromosome suppression. 
In the lower section of the table are examples of those combinations demonstrating the effect of the minor suppression 
system. The fractions in the body of the table indicate the number of phenotypically sex-ratio males out of the total males 


tested. 
+ Numbers estimated on the assumption that half of the tested males should be carrying the sr gene. 


TABLE 7 


Summary of action of the minor suppressor system on 172 sr/Y combinations 
which show no Y chromosome suppression* 








Test Retest-1 Retest-2 Retest-3 
_— + _ + —_ — 
148 24 14 10 7 1 2 
86% + 94% + 98% + 99% + 





* The numbers in the body of the table indicate the number of combinations which showed the sex-ratio phenotype (+), 
or failed to show it (—) for the first test and each of the retests. The percentages are cumulative for combinations showin 
the sex-ratio phenotypes. The two combinations failing to show the sez-ratio phenotype in Retest-3 were not examine: 
further since by this time the types of the sex-ratio genes and the Y chromosomes had already been established from other 
test combinations. 


certain sr/Y combinations (upper section of the table) failed to produce the sez- 
ratio phenotype even after extensive testing and backcrossing, These combinations 
were considered to demonstrate Y chromosome suppression. In other sr/Y combi- 
nations (lower section of the table) rapid elimination of the minor suppressor 
system was achieved by backcrossing. 

In Table 7 data from 172 sr/Y combinations which show no Y chromosome 
suppression are summarized. The numbers in the body of the table indicate the 
number of combinations which showed the sez-ratio phenotype (+), or failed 
to show it (—), after the initial test, first retest, second retest, etc. The percentages 
are cumulative for combinations showing the sex-ratio phenotypes. It will be 
noted that in 99 percent of the sr/Y combinations the minor suppression had been 
eliminated in at least one male of each combination by the third retest. 

Comparison of the major and minor suppressor systems: The most obvious 
difference between the two systems is that while the major (Y chromosome) 
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system is effective only in suppressing Northern-type sr genes, the minor system 
as presently understood is effective in suppressing any sr gene of either type. 

The efficiency of the two systems in suppressing the sex-ratio phenotype is 
compared in Table 8. In this table the sex ratios among the progeny of four types 
of males are indicated: first, wild-type or garnet males carrying no sex-ratio 
gene; secondly males carrying the Northern-type sr gene but a Y chromosome 
capable of suppressing it; thirdly males carrying a Northern-type sr gene and a 
Y chromosome incapable of suppressing it, thus suffering only from minor sup- 
pression at most; and finally males carrying a Southern-type sr gene only sup- 
pressible by the minor system. The numbers in the upper part of each cell indi- 
cate the number of tested males falling in each sex-ratio range. The italicized 
figures in the same cells indicate the percentages, based only on those males 
falling within the “normal” phenotypic range (sex ratio of 21 or more). It will 
be noted that Y chromosome suppression (lines 3 and 4 in the table) is very nearly 
complete, in the sense that the male phenotypes are approximately the same as 
those of males carrying no sr gene (lines 1 and 2). 

However in the case of the males demonstrating the effects of the minor system, 
(lines 5, 6 and 7) even those individuals above the arbitrary division point of 20 
show a pronounced shift towards lower values; the suppressed males in these cases 
show mean sex ratios of around 75, as compared to sex ratios of 91 and 97 for 


TABLE 8 


Comparison of sex ratios among the progeny of +/Y and g/Y males; sr/Y males with 
Y chromosome suppression, and sr/Y males showing only minor suppression.* 














Sex ratios among progeny Mean 
Types of Genotypes of 0- ‘21- 41- 61- Bi- 101- 121- 141- 161- for 21-190 
suppression tested males 20 40 60 80 100 120 140 160 190 range 
1 Standard 0 1 2 5 kt & 8 4 0 99.10 
+-/Y28-12 2 48 HH a 8 0 
2 g/Y?28-12 . ¢ ¢ &.4 3) eee 105.96 
0 OH BD BS 0 8 
3 4 srVt-50 0 2 5 SS 16 «(15 1 0 90.69 
YSouthern ssh eS ee OS 
4 Y srF'565 / 0 0 4 11 a2 617 9 3 1 97.19 
YSouthern 5 15 42 22 12 4 1 
5 Minor srVt-50/ 66 11 15 7 19 13 5 0 0 76.98 
YNorthern 1622 00 7 19 7 ~« 8 0 
6 Minor sr F565 / 11 7 15 32 18 5 4 1 1 76.62 
YNorthern ‘ns es eee 
7 Minor srf 482 / 80 3 2 «| 3 3 0 0 0 72.25 
YDivers zy i St Se ae 0 0 0 





* The upper number in each cell indicates the number of males showing that particular sex-ratio range among their 
progeny. The lower italicized number indicates the percentage. The percentages are based only on the males giving sex- 


ratios of 21 or higher. 











192 H. D. STALKER 


males showing Y suppression. Thus it is clear that the Y suppressor system is 
most effective, while the minor system causes only partial suppression of the sez- 
ratio phenotype. Data which might indicate interaction between the two systems 
are not presently available. 

Suppression of the sr gene in wild populations: The available information on 
frequencies of suppression in nature is presented in Table 9. The 52 males in- 
cluded in this table were either wild-caught or were F, sons of wild-caught insemi- 
nated females. It should be emphasized that all 52 were detected cytologically by 
the inversion pattern in their X chromosomes, thus avoiding the bias of selection 
of some cases because they showed the sex-ratio phenotype. Of the males included, 
23 per cent showed suppression, and of these, five were suppressed by the minor 
system, one by the Y chromosome. In the case of the Michigan male showing Y 
chomosome suppression, the minor system may have been in effect as well. 

Taking into account the available estimate of suppression rates among wild 
flies and the known frequencies of sr genes in wild populations, it is of some 
interest to attempt to estimate the total disturbance of the sex ratio that the sezx- 
ratio genes and their suppressor systems would produce. 

Estimates of sex ratio at birthin wild populations: Any really accurate estimate 
of the sex ratio among mature wild flies seems to be out of the question with 
methods presently available. However, an estimate of the sex ratio at birth may 
be obtained by capturing wild inseminated females and allowing them to re- 
produce in the laboratory until their supply of sperm is exhausted, then determin- 
ing the sex ratio among their offspring. 

During the summer of 1958 a fairly large collection was made at Mt. Vernon, 
Iowa and analyzed in this manner. A total of 69 inseminated females was cap- 
tured, and this sample produced a total of 11,729 offspring, of which 5,014 were 
males, giving a sex ratio at time of emergence of 74.67 (Table 10). Since these 
laboratory-reared offspring were under ideal conditions (uncrowded and amply 
fed), it may be considered that this sex ratio at emergence reflects accurately the 
sex ratio at the time of fertilization. As such it could properly be compared to the 
sex ratio at the same period in nature. Sex ratio in nature at emergence might be 


TABLE 9 


Frequencies of suppression among sr/Y males from wild populations, or derived 
from wild-caught inseminated females 





Male phenotypes 








Locality Sex-ratio Suppressed Type of suppression 
Tennessee 2 0 
Missouri a a 4 minor system 
Iowa 29 6 1 minor system; 5 ? 
Michigan 1 1 Y chromosome 
Vermont 1 0 
Minnesota 3 1 ? 
Totals 40 12 5 minor; 1 Y chromosome 
Percentage 77 23 








SEX RATIO X CHROMOSOME 193 
TABLE 10 


Sex ratios among the offspring of wild-caught nonvirgin females of the D. melanica species group* 








No. 9? Total Sex No. 99 Progeny mean 
Species Source tested offspring ratio tested sex ratio 
D. paramelanica Mt. Vernon, Iowa 69 11,729 74.67 65 82.62 
D. paramelanica St. Louis, Missouri 49 7,435 68.90 45 71.33 
D. paramelanica Angola, Indiana 74 83.27 
D. melanica Divers 45 102.44 + 3.46 
64 96.20 + 3.37 


D. nigromelanica Divers 





* In the left-hand section of the table the sex ratio is calculated from the total offspring produced by females prior to 
sperm-exhaustion. In the right-hand section sex ratios are the unweighted progeny means from females producing 35 or 


more offspring. Since in D. paramelanica the sex ratios in individual progenies are not normally distributed, due to the 
effects of the sex-ratio mates), no errors are given. In the case of D. melanica and D. nigromelanica, species in which the 
sex-ratio trait is unknown, the progeny sex ratios appear to show a normal distribution, and the means are followed by 


their standard errors. 


considerably changed from that at fertilization, due to the action of selection 
during development under the presumably rather rigorous natural conditions. 

For the sake of comparison, similar data are presented from two other popula- 
tion samples of D. paramelanica, one from St. Louis and the other (generously 
supplied by Dr. Max Leviran) from Angola, Indiana. The Indiana sample is 
represented only by partial progeny counts from the wild-caught females, and 
the sex ratio is given as the progeny mean among females producing at least 35 
offspring. In both of these latter samples the sex ratio is markedly reduced from 
the expected value of 100, whether it is calculated from total offspring produced 
prior to sperm exhaustion, or calculated as a progeny mean from incomplete 
counts. 

This reduction in sex ratio in the three populations of D. paramelanica sampled, 
may be compared with data from the two related species, D. melanica and D. 
nigromelanica, in both of which the sex-ratio trait is unknown. The data for these 
two species come from various populations, and in the case of D. melanica were 
partly based on samples generously supplied by Dr. Lynn THROCKMORTON 
from Austin, Texas. In both species the mean sex ratio among progenies is, as 
expected in the absence of the sez-ratio trait, close to 100. 

Further evidence supporting the hypothesis that the sez-ratio trait is responsible 
for the reduced sex ratio at hatching in wild D. paramelanica comes from con- 
sideration of the mean sex ratio among the progenies of wild-caught males. A 
total of 43 such males (Table 11A) from the Iowa population gave a mean sex 
ratio of 78.26, which, considering the considerable error associated with the 
actual frequency of the sex-ratio trait in the population, falls well within the 
range of 82.62 presented by the females of this population. 

Finally, it will be noted (Table 11B) that the 33 wild wild-caught males from 
the population which did not carry the sez-ratio gene, gave a mean sex ratio 
among their progeny of 99.79, indicating that it is the sr/Y rather than the +/Y 
males which are responsible for the reduction in the sex ratio at birth. 

The wild-caught and F, +/Y males were completely analyzed cytologically, 
and hence it was possible to classify them for the inversions they carried on the 
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TABLE 11 


Sex ratios among the progenies of wild-caught and laboratory-bred F , flies from Mt. Vernon. Iowa, 
All males were tested by mating to laboratory stock 944a g/g females 





A. All wild-caught males, both +-/Y and sr/Y 
Number Total Mean progeny 
tested offspring sex ratio 


43 6,816 78.26 





B. Wild-caught +/Y males 











Inversions in Number Total Mean progeny 
autosome 2 tested offspring sex ratio 
Homozygous 13 2,143 87.62 + 3.32 
Heterozygous 20 3,316 104.70 + 3.44 

Total: 33 5,459 99.79 


C. F, +/Y sons of wild-caught females 








Inversions in Number Total Mean progeny 
autosome 2 tested offspring sex ratio 
Homozygous is 1,184 91.08 + 3.44 
Heterozygous 26 2,534 90.73 + 2.41 
Total: 39 3,718 90.85 + 2.02 





second autosome. It will be noted that in the case of the wild-caught +/Y males 
(Table 11B) those that were structurally homozygous for chromosome 2 showed 
an average sex ratio in their progeny of 87.62 +3.32, while those that were 
structurally heterozygous in chromosome 2 showed an average sex ratio of 
104.70 +3.44. The difference between these two sex ratios is significant at the one 
percent level. The chromosome 2 gene sequences involved are: Standard, and 
inversions A, B and C. The two homozygous classes were Standard/Standard 
(+/+) and B/B; the heterozygotes were A/+, B/+, A/B, AC/B and AC/+. 
The difference in the two groups of males may well have been related to the 
presence or absence of particular gene sequences, but the data are insufficient to 
prove this. 

In the case of the F,; +/Y males (Table 11C) a similar array of homozygotes 
and heterozygotes for chromosome 2 was obtained, but as indicated, the lab- 
oratory reared males showed no differences in the sex ratio of their progeny 
correlated with the second chromosome karyotype. Neither of the groups of F; 
males show any significant difference from the wild-caught homozygotes, and 
both groups differ significantly from the wild-caught heterozygous males. 

The facts here seem clear enough. Laboratory rearing has caused no significant 
shift in the sex ratio for males homozygous for chromosome 2, while those 
heterozygous for this chromosome show a marked reduction in the sex ratio of 
their progeny. While the facts are clear, the explanation is not. Three possible 
variables suggest themselves as contributing factors. The average age of wild- 
caught males may not have been the same as that of laboratory-reared males at 
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the time of testing; the temperature of rearing and maturing in the two situations 
may have been different, and this difference may have been important (Dar.iNnc- 
TON and DospzHaNnsky 1942); finally the difference between natural and lab- 
oratory food may have been important. Data are not available to settle any of 
these three points. 

Whatever the cause of the discrepancy between the wild-caught and laboratory- 
reared males, it would appear that any estimate of the sex ratio of the progeny of 
+/Y males in natural populations should be based on wild-caught, not laboratory- 
reared flies. 


The relationship of the sex-ratio trait to the chromosome inversions 


As mentioned above, there is evidence that the complex of inversions regularly 
found together on the sex-ratio X chromosomes is not necessarily related to the 
sex-ratio gene or genes in any simple way. 

The sex-ratio X chromosome typically differs from Standard by at least two 
inversions in the left arm and two or three in the right, as indicated in Figure 2. 

The two short inversions A and B in the left arm show rare crossing over with 
each other and with the inversion C at the base of the right arm. Crossing over 
may also occur between inversion C and the BA complex in the right arm. The 
inversions B and A in the BA complex are very close together; no crossing over 
has been observed between therm and evidence for such crossing over in nature is 
lacking. In sezx-ratio X chro’ somes from the eastern part of the species range 
the right arm lacks the subterminal inversion A. 

Crossing over in females heterozygous for the sez-ratio X and Standard is so 
rare that its detection without the use of visible markers is not practical. The 
following sex-linked visibles have been used for the study of laboratory-produced 
crossover chromosomes: singed (s7), located in the right arm, has not crossed over 
with the right arm inversion complex BA. This mutant affects hairs and bristles 
and is female sterile. It appears to be a good homolog of singed in D. melanogaster. 
The location of this gene thus suggests that the right arm of the X is Element A, 
(the arm which is the X chromosome in D. melanogaster and many other species). 
The characteristics of the banding pattern of the salivary chromosome lead to the 


same conclusion. 


Lary RIGHT 


A B C BA 
a: — =~ eum —— 
bw car sn 


a Shee 








Ficure 2.—The multiple inversion sex-ratio X chromosome of D. paramelanica showing the 
locations of inversions and the approximate locations of visible markers. 
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The other three mutants available for crossing over studies are all eye-colors: 
carnation (car) which has not crossed over with the right arm basal inversion C; 
brown (bw) which is in the left arm and has not crossed over with the inversion 
A, and garnet (g) which has not crossed over with either inversion C or with 
carnation, and is probably somewhere in the vicinity of inversion C or the 
centromere. 

On the basis of eye-pigment analysis the mutant brown is a sepia-like mutant, 
rather than a true brown in the sense that these terms are used in D. melanogaster 
(Dr. Lynn THrRockmorrton, personal communication). If brown in D. para- 
melanica is in fact a homolog of sepia in D. melanogaster then the left arm of the 
X chromosome would probably correspond to Element D, (or 3L of D. meiano- 
gaster). In D. pseudoobscura the sex-ratio gene on the metacentric X is found on 
Element D (the autosomally derived arm). This has led SrurTEvANT and 
Novitsk1 (1941) to point out that since the sez-ratio trait existed in the D. 
melanica group, this suggested that Elements A and D were likewise fused to 
form the metacentric X of that group, since on the basis of the location of sex-ratio 
gene in D. pseudoobscura it was expected that in D. paramelanica the correspond- 
ing gene would also be on the autosomally derived arm of the X, and that that 
arm would be Element D. 

In D. paramelanica a study has been made of 11 crossover recombinants from 
sex-ratio X chromosomes which carry some but not all of the characteristic series 
of inversions found in typical sex-ratio chromosomes. The study is summarized in 
Table 12. In this table the four X chromosomes with the prefix MTV were taken 
from the wild population in Mt. Vernon, Iowa. The other seven with the prefix 


TABLE 12 


Sezx-ratio phenotypes associated with recombinant X chromosomes carrying less than the 
customary two inversions: A and B in the left arm and C and B, or C and BA in the right 





Y chromosomes 








X chromosome Northern Southern 
No. Karyotype Vt-40 F605 £670 CSH-108 28-12 L561 
MTV-810 +-+-CBA +(2/31) —35 nit —13 —39 —14 
MTV-887 +-+-CBA +(8/9) —34 wae ae —78 ee 
MTV-903 +-+-+ BA ere + (3/10) —19 ee —26 —7 
MTV-82 AB-C+-+ —78 —17 —26 DL —17 Pe 
VT-2016 ABC+-+ : —15 sees “Re ae 
VT-2023 +-+-CB+ —83 —24 Sep oe — 1 
VT-2026 ++-CB+ —32 —10 ee ‘sehen —i1 
VT-2042 A+-+++ —65 —37 mere eee — 34 
VT-2237 +B+++ —40 —17 a saree —38 
VT-2043 AB++-+ —43 —34 —66 
VT-2010 AB+++ —53 —17 ee ae —1 





_The chromosomes with an MTV prefix were obtained from the wild ‘ag —ateowe in Mt. Vernon, Iowa. Those with the 
VT prefix were synthesized in the laboratory by crossing over between the Vermont A B-C B+ chromosome carrying the 


srVt-%0 sex-ratio gene and the 28-12 Standard + +-+ ++ chromosome. Thus the MTV chromosomes are pure lowa, 
the VT chromosomes are of Vermont origin in the region of the inversions and Missouri in the Standard (+) regions. 
The numbers and signs in the body of the table have the same meaning as those in Table 4. The numbers in parentheses 
following the + signs indicate the numbers of males showing the sex-ratio phenotype out of all males tested (see text). 
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VT were derived in the laboratory by crossing over between Standard chromo- 
somes (+ -+-+-+-+) and the entire sezx-ratio X chromosome from Vermont 
carrying the sez-ratio “gene” sr’**’; this latter chromosome has the karyotype 
formula: A B-C B+. Thus the two classes of X chromosomes are not equivalent in 
that the MT’ series are pure Iowa in origin while the VT series are mixtures of 
chromosome material from Vermont (in the regions of the inversions) and 
Missouri (in the Standard sequence + regions). 

In the body of Table 12 the + and — signs have the same significance as in 
Table 4. In those cases where sex-ratio phenotypes were obtained, the number of 
sex-ratio males out of all males tested is given in parentheses. 

Considering first of all the four MTV chromosomes from the Iowa population, 
it will be noted that three (MTV-810, -887 and -903), carrying inversions BA or 
C BA in the right arm, do retain the sez-ratio characteristics. The fourth, 
MTV-852, with the left arm inversions A and B and the right arm basal inversion 
C fails to demonstrate the sez-ratio trait. These results indicate that a sez-ratio 
“‘gene”’ is located in the right arm of the X in the vicinity of the BA inversion 
complex. 

For those three chromosomes which did show the sez-ratio trait a total of 138 
tests with Northern-type Y chromosomes were carried out, and 13/138 males 
tested were phenotypically sex-ratio. A total of 164 males with Southern-type Y 
chromosomes were tested; all were negative. Thus the recombinant chromosomes 
giving the sez-ratio phenotype were Northern type in their reactions to Y 
chromosomes. 

This finding is especially interesting since a total of 25 nonrecombinant sex- 
ratio chromosomes were tested from this population and the 23 fully tested ones 
were Southern type while the two which were incompletely tested may have 
been Southern type. Thus it is highly improbable that all three of the recombinant 
sex-ratio chromosomes tested from this population could have been derived by 
crossing over from Northern-type chromosomes. It appears then that replacement 
of the left arm of a Southern-type sezx-ratio chromosome transforms it into: a 
Northern type. To state it differently, there are one or more loci in the left arm of 
the X which may determine the Y chromosome suppressibility of the sez-ratio 
genes in the right arm. 

In regard to the VT series of chromosomes tested it will be noted that none of 
them revealed any sex-ratio characteristics, regardless of the Y chromosomes 
against which they were tested and despite the fact that with the exception of 
VT-2016 (A B-C ++) all could be considered to be quite thoroughly tested. For 
this group then any type of dissociation of the series of inversions normally found 
together causes a complete loss of the sez-ratio characteristics of this chromosome. 
The behavior of the Southern and Northern-type chromosomes is alike in that 
replacement of the right arm always results in loss of sex-ratio tendencies; they 
differ in that Southern-type chromosomes change’type with replacement of the 
left arm, while Northern-type chromosomes are apparently completely sup- 
pressed by such replacement. 

The above interpretation of the data in Table 12 seems to be the most reasonable 
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one; others are possible. For example, in the case of the three Iowa chromosomes 
which showed the Northern-type sez-ratio it might be proposed that since even 
with the Northern-type Y chromosomes there was a very high rate of suppression 
of sex-ratio, possibly indicating a very high sensitivity to minor suppressors, the 
supposedly complete suppression by Southern-type Y chromosomes is merely an 
indication of insufficient testing. However, once the sex-ratio phenotype appeared 
in males with Northern-type Y chromosomes it was possible to go through the 
usual procedure for eliminating the minor suppressor system, and in fact out of 
the 164 males giving negative results with Southern-type Y chromosomes 107 of 
the 143 tested against Y**-!* were being retested for the third time and should have 
been largely free of the minor suppressor system (Table 7). In the case of MTV- 
852 and all the chromosomes of the VT series, none of which showed sez-ratio in 
any tests, there was no method available for efficiently removing minor suppres- 
sors, and the failure to demonstrate sex-ratio in these cases may indeed involve a 
striking sensitivity to the minor suppressor system. Whether this is the case or 
not, the practical result from the point of view of the population would be 
the same. 

Whether the Vermont Standard X chromosomes would behave as did the 
St. Louis Standard X in suppressing sez-ratio in the recombinant chromosomes 
of the VT series is of course not certain until such recombinants can actually be 
obtained from the Vermont population. 


DISCUSSION 


The data and conclusions presented above may be briefly summarized: X 
chromosomes carrying two or more particular inversions in each arm are 
typically (apparently always) associated with the sex-ratio trait. X chromosomes 
with the Standard gene sequence have never been known to produce the sex-ratio 
trait. Independently of the types of inversions carried, the sez-ratio trait may be 
Northern type (suppressible by Southern-type Y chromosomes) or Southern type 
(suppressible by no Y chromosome). The two types of Y chromosomes are pre- 
dominantly northern or southern in their distribution, as their names suggest. 
Similarly Northern-type X chromosomes are predominantly northern in their 
distribution and Southern-type X chromosomes vice versa. 

All types of sex-ratio X chromosomes may be suppressed by the action of the 
minor (presumably autosomal) suppressor system. The Y chromosome suppres- 
sion is more complete and clear-cut than the minor suppression. Approximately 
one fourth of wild males carrying sez-ratio chromosomes show suppression of 
the sex-ratio trait for one reason or another. The meiotic drive characteristic of 
the sex-ratio chromosome should, in the absence of opposing selective factors, 
bring about an increase in the frequency of sezx-ratio chromosomes, and ultimate 
loss of normal chromosomes from the wild populations. The fact that this does not 
occur indicates that there is some selective disadvantage to the sex-ratio chromo- 
some which prevents this displacement. Any reduction in the meiotic drive 
normally associated with the sez-ratio chromosomes would help prevent their 
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replacing the normal chromosomes. The minor suppressor system is clearly an 
important one in this respect. The Y chromosome suppressor system must also be 
active, although in the absence of more precise data on the frequency distribu- 
tions of the two types of Y chromosomes, the extent of this type of suppression 
cannot be accurately estimated. 

The data indicate quite clearly that there is some overlap in Y chromosome 
distributions with a small proportion of Southern-type Y chromosomes found in 
northern localities. Such alien Y chromosomes have the ability to bring about a 
complete suppression of the locally common Northern-type sez-ratio genes. Thus 
in such populations it might be expected that there would be rapid selection in 
favor of Southern-type Y chromosomes and against the Northern type, since in 
males carrying the Northern-type sex-ratio gene, and not suppressed by the minor 
system, if the Y is Northern type it will not be transmitted to the progeny and will 
be eliminated; if on the other hand the Y is Southern type there will be complete 
suppression of the sezx-ratio and such a Southern-type Y will be transmitted. 
Approximately ten percent of the males in northern populations carry the sez- 
ratio gene, and of this ten percent it may be estimated that about three percent 
show suppression, the remaining seven percent may then combine with and 
eliminate Northern-type Y chromosomes, resulting in a selective elimination of 
approximately seven percent per generation for Northern-type Y chromosomes in 
northern localities. 

The fact that replacement of the Northern-type Y chromosome does not occur 
in the northern localities indicates that the two types of Y chromosomes must 
differ in some way other than in their suppressing ability, and it is this secondary 
difference that gives the Northern-type Y sufficient adaptive advantage to over- 
come the negative selective force of the meiotic drive associated with sex-ratio. 

Southern type sez-ratio chromosomes which are recombinants, with the left 
arm replaced by Standard gene sequence, may still produce the sex-ratio trait, but 
the trait is now Y suppressible (Northern type). This suggests that an important 
difference between Northern and Southern-type sez-ratio chromosomes depends 
on the genetic characteristics of the left (autosomally derived) arm of the X. 

The data on recombinant Northern-type sez-ratio chromosomes indicates that 
any type of crossing over destroys their sex-ratio characteristics, Either type of 
change, suppression of the sex-ratio trait by crossing over of the Northern-type 
chromosome, or change from Southern to Northern type via replacement of the 
left arm by Standard, will have the same ultimate effect, since transformed sezx- 
ratio chromosomes in a southern population will be completely suppressed by the 
predominantly Southern-type Y chromosomes with which they are associated 
in the population. 

Thus any breakdown in the inversion association of the X chromosome would 
rob such a chromosome of its principle selective advantage, meiotic drive, and 
would help to account for the established fact (SraLKER 1960) that such re- 
combinant chromosomes are extremely rare in nature, and are apparently 
selected against at all stages in their production, through crossing over. 
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SUMMARY 


1. In Drosophila paramelanica X chromosomes carrying the inversions A and 
B in the left arm and C and B in the right (A B-C B), have the sez-ratio “gene”, 
that is males carrying such a sezx-ratio X may produce primarily X-bearing sperm 


and female progeny. 

2. Sex-ratio X chromosomes possess Meiotic Drive, that is they tend to increase 
in frequency in the population because of their own meiotic peculiarities. Such 
increase may be checked by counterselection associated with lowered relative 
fitness of sex-ratio chromosomes, or by reduction of the meiotic drive through 
suppression of the sex-ratio trait. This paper deals with suppressors of sex-ratio. 

3. In D. paramelanica two types of sex-ratio X chromosomes exist. Southern 
type are not suppressible by any Y chromosome, while Northern-type sex-ratio 
chromosomes are suppressible by Southern-type Y chromosomes, but not by 
Northern-type Y chromosomes. The two types of Y chromosomes and the two 
types of sex-ratio X chromosomes are not distinguishable morphologically, and 
there is some overlap in the geographical distribution of the two types in both 
cases. 

4. The fact that Southern-type Y chromosomes exist in low frequencies in 
northern populations without replacing the commoner Northern-type Y chromo- 
somes indicates that the two types of Y’s differ in some adaptive way not associated 
directly with sez-ratio suppression, since in such northern populations the sex- 
ratio factors present would tend to eliminate Northern type but not Southern-type 
Y chromosomes; and yet such elimination does not occur. 

5. In addition to Y chromosome suppression, sex-ratio may be suppressed by 
the so-called “minor suppressor system” which is apparently associated with 
autosomal modifiers. Minor suppression is less complete than Y chromosome 
suppression but may occur with either type of sex-ratio X chromosome. 

6. Approximately 40 percent of X chromosomes in southern populations are 
sex-ratio, and the frequency diminishes northward to about ten percent in 
northern populations. Approximately one fourth of all wild-caught males carry- 
ing the sez-ratio X chromosome are suppressed by one (or both) of the two 
systems. 

7. The four inversions A B-C B associated with the two arms of the sex-ratio X 
are separable by crossing over with Standard X chromosomes. However the 
crossover recombinants are rare in natural populations, being selectively removed 
as they are produced. 

8. In recombinant X chromosomes from a population in Iowa which were 
the result of crossing over between Southern-type sez-ratio chromosomes and 
Standard, those recombinants which contained the right arm inversions C and B, 
or B alone, retained the sez-ratio trait, but it was transformed into Northern type 
(suppressible by Southern-type Y chromosomes). Recombinants carrying only 
the left arm inversions A and B, or A and B plus C of the right arm, showed no 
sex-ratio trait. Thus in southern populations recombinants of Southern-type sex- 
ratio chromosomes would either be transformed into Northern-type sez-ratio and 
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thus be generally suppressed by Southern-type Y chromosomes or would lose their 
sex-ratio trait altogether. 

9. In recombinants of Vermont (Northern type) sez-ratio X chromosomes 
and Standard X chromosomes, no recombinants showed any sex-ratio trait. 

10. Recombinants from Northern and Southern-type sezx-ratio chromosomes 
indicate the dependence of the sez-ratio trait on factors in both arms of the X. 
The essential loss of sezx-ratio trait associated with recombination and the conse- 
quent loss of meiotic drive must be an important factor in eliminating recombi- 
nant chromosomes from natural populations. 
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THE RELATIVELY HIGH FREQUENCY OF WHOLE-BODY 
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BY X-RAYS IN DROSOPHILA SPERM? 
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M UTATIONS arising in the mature sperm cells of Drosophila might often be 
expected to be fractionals, on the assumption that they would, as a rule, in- 
volve only one strand of the double strand DNA molecule. The object of the 
present studies was to determine the proportion of whole-body versus fractional 
mutations induced by X-rays in the sperm of mature Drosophila, as well as the 
proportion arising under treatment by chemical mutagens and spontaneously for 


comparison. 
METHODS 


Three series of experiments were run. In the first, males were treated with 
3000r X-rays and the F, females examined for mutant traits, as revealed by 
MUuLLER’s ““Maxy”’ technique (to be considered more fully below). In the second 
series, the adult males were injected abdominally with a chemical mutagen (one 
set with phenylalanine mustard, another with dimethyl myleran, and a third 
with 2,5 bis-ethyleneiminohydroquinone). In the spontaneous series the males 
received no treatment. Only sperm ejaculated during the first week after the 
male hatched was used in these studies. Hence only sperm cells treated in post- 
meiotic stages were sampled. 

As above indicated, mutations were detected by means of the Maxy technique 
(Mutter 1954, 1955). This technique is a means of detecting visible mutations at 
14 selected loci in the X chromosome of the male. Maxy females (shown below) 
have an X which carries the recessive alleles at these 14 loci. In addition, this X 
carries inversions (scS’ and sc*) and also v, which will be considered later, but 
which is not at one of the loci under examination for mutations. If we omit sc*’, 
sc’, and v, the remaining alleles are the recessives at the loci under consideration. 
These recessives, with abnormal order due to inversions, are yellow (y), carna- 
tion (car), outstretched wings, small eyes (odsy), forked (f), garnet (g*) dusky 
(dy), raspberry (ras*), singed (sn’), cut (ct*), carmine (cm), ruby (rb), echinus 
(ec), white (w), and prune (pn). These 14 comprise virtually all the better 
known visibles in the X. Seven are for eye color and the rest for body color, wings, 
and bristles. The females receive the X with these recessives from their maternal 
parent. The other X is of paternal origin and ordinarily contains the normal 

1 This investigation was supported by Public Health Service Research Grant C-3909 from the 
Cancer Division, Public Health Service. 
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alleles. Females homozygous for the paternal X (the one with the normal alleles) 
are inviable because of a lethal (/’’). However, males with this chromosome sur- 
vive because they have a special Y chromosome which contains the normal allele 
of 11. The recessive chromosome (of the females) gives a very weak phenotype 
because of all its recessives and in addition contains a lethal. Therefore, both 
males with this chromosome and females homozygous for it are inviable. Inver- 
sions prevent crossing over (sc*! and sc* in the recessive chromosome, /n( 7 )dl-49 
and B™’ in the one with the normal alleles). As a result of all this, the Maxy stock 
produces only two classes of flies (apart from the v locus, to be considered later) : 
(1) females heterozygous for the X with the 14 recessives and an X with the 
corresponding normal alleles and (2) males having an X with the normal alleles; 


thus: 


y sc®! car odsy f g° dy vras* sn‘ ct®’cmrbecwpnsci — I" se" + In(1)dl-49 v B! 





and 


l! sc!+ = In(1)dl-49 vt as Fs sata 
Maxy female Maxy male 





The X chromosome with the normal alleles at the loci under examination may 
contain either v or v+. These two kinds of X’s (with v and v+) alternate between 
males and females in successive generations. Thus, if the male had the X with v 
and the female the corresponding X chromosome with vt in one generation (as 
shown), then the two sexes would have the opposite X’s in the next generation 
(female v and male vt). The X with the 14 recessives (in the female) contains v. 
In one generation the females would therefore be homozygous for v and in the 
next heterozygous (and accordingly vermilion and red, respectively, in pheno- 
type). This alternation of v and v+ in successive generations is a means of de- 
tecting and guarding against nondisjunction. 

Any mutations which show in an F, female at the 14 loci under examination 
would have arisen in an X of paternal origin (the chromosome with /’’). If, for 
example, a mutation to white eyes had occurred in the paternal X, then the F, 
female would now be homozygous for white and would be white-eyed. Of 
course, if the mutation had been a fractional, then only part of the body would 
be mutant, as one eye white and the other normal. 

The Maxy technique is unusually well suited to the detection of mosaics, 
since Maxy females are heterozygous at virtually all the better known visible 
loci in the X chromosome. This technique also makes possible the detection not 
only of ordinary visibles but also of visibles which have recessive lethal effects 
(and which might ordinarily escape detection) as well as isoalleles (which by 
themselves are of normal expression but which have a mutant expression in 
females heterozygous for them and the regular recessive allele). In the present 
studies mutant F, females (both whole-body and fractional) were genetically 
tested for the types of alleles here mentioned (ordinary visibles, visibles with 


recessive lethal effects, and isoalleles) . 
In the event that a mutation was a visible with a recessive lethal effect, it 
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would be lost before it could be identified (as to locus) if the mutant F, female 
were bred to a Maxy male, for then all F. offspring which received the visible 
lethal (from their F, mother) would be inviable: the males because of the lethal 
in question, and the females because of the J’? in both their X’s (as usual for 
homozygous /’’ females in the Maxy stock). The mutant F, females, therefore, 
have to be crossed to a male which does not contain the J’ chromosome. In ad- 
dition, the male should contain the normal allele of 77 in his Y chromosome in 
order to allow F, males (with the /’’ chromosome) to survive in the event the 
visible is not a lethal. Therefore, in order to preserve newly arisen mutations for 
further testing, the F, mutant females were crossed to males which had the normal 
allele of /’’ in both their X and Y. In the present studies, the F,; mutants were 
crossed to sc*-Y/X° y f males (the sc*-Y of which it contains the normal allele of 
l’). From this cross, a balanced stock with the mutant chromosome of the F, 
female could be derived, and further tests could then be made to identify the 
locus of the mutant gene. For this latter purpose, “tester” stocks were used, each 
containing a mutant gene at one of the loci under examination. Thus, if an F, 
female had a mutant eye color, the balanced stock with the mutation was crossed 
to each of seven tester stocks, each having one of the mutant eye colors. If, now, 
one of these crosses produced, say, prune offspring when the tester stock was 
prune, then the new mutation would have been identified as prune. 

A certain number of F, females of mutant appearance (both whole-body and 
mosaic) were sterile or died before they could be bred. It could, therefore, not be 
genetically proved that they contained mutant tissue. 

A mutant with one of the darker eye colors (car, g*, ras*, cm, rb, or pn) is some- 
what more difficult to identify than is a lighter (as white) in an otherwise red 
culture. However, vermilion sensitizes these darker mutants in that it makes 
them a distinct bright apricot which can readily be detected. If, in the Maxy tech- 
nique, the male parent is vermilion, then the F, females are homozygous ver- 
milion, and the darker eye color mutants (which now would be bright apricot ) 
can more readily be identified than if the male had been v+ (and the F, females 
heterozygous for v and v*+). In the X-ray and chemical series, only v males were 
treated; but in the spontaneous series, v+ males were used as P, in about half the 
experiments when it was not yet realized that v sensitizes the darker eye color 
mutations. 

In all three series of experiments, the P, were bred in mass cultures. In the 
X-ray series, from 100 to 200 Maxy males (less than 30-hours old) were ir- 
radiated at one time (3000r). They were immediately mated in mass to from 300 
to 500 Maxy virgins and the cross was cultured in a vat (having the food capacity 
of about a dozen half-pint milk bottles). After three days the males were mated to 
fresh virgin females, and on the sixth day they were discarded thus insuring that 
only sperm of the first week were being sampled. A yield of from 2,500 to 8,500 
F, daughters per experiment was obtained by this means, with the number of 
mutants appearing among them varying from one to five. Similar culture methods 
were employed in the other two series of experiments, except that bottles instead 
of vats were used. In these, the number of males tested in a given experiment was 
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usually smaller—not sufficient to utilize the large amount of food in a vat. The 
counts of F, females were based on careful weighing of all the dehydrated flies 
coming from a single mass culture, a time-saving method that has been found to 
be accurate to within three percent. 

Whenever two or more F, mutant females of the same type were derived from 
the same male parents (in a single experiment) and were found to represent 
identical mutations, they were considered as being a cluster and were therefore 
regarded as representing a single mutation of premeiotic origin (in the male 
parent). 

In the developing Drosophila egg, the first cleavage plane might be either 
longitudinal or transverse. Accordingly, it might divide the egg either into left 
and right halves, or into front and hind. In the case of a fractional mutation, 
mutant and normal tissue might be correspondingly distributed. Accordingly, in 
recording the mutants, a fractional was classified as “left-right” if, for example, 
one eye was white and the other red; as “front-hind” if both eyes were mutant but 


the gonads normal. 
RESULTS 


In the X-ray treated series, among a total of 157,000 F, females, there were 
43 nonlethal, and 38 lethal, whole-body visibles which in both cases were 
“proved” in the sense that they bred and transmitted the mutation to their 
offspring (Table 1). The total proved, then, is 81. Of these, 68 (38 plus 30 in the 
table) were identified as to locus (the rest being lost before they could be further 
tested). In addition there were 32 F, females which died before they could be 
tested or were sterile but which to outward appearance were whole-body mutants. 
It is possible that some of these were fractionals of the “front-hind” type. How- 
ever, as will be apparent later, there were probably very few, if any, of these 
front-hind mosaics in the X-ray series. If, then, we ignore them and regard all 
32 of the mutants in the “died or sterile” column under discussion as whole-body, 
then the total whole-body mutant F, females in the X-ray series is 113. The total 
fractionals was nine, or about seven percent of the total mutants (Table 1). By 
contrast, in both the chemically treated and spontaneous series, the percent of 
identified fractionals was much higher (between 30 and 67 percent, Table 1). 

In view of the small percent of fractionals in the X-ray series (seven percent), 
and further, since only part of these are of the front-hind type, it is not probable 
that there were more than one or two front-hind mosaics among the 32 mutants 
listed as whole-body in the “died or sterile” column in Table 1. In the chemical 
and spontaneous series, overlooked front-hind fractionals would have made the 
percent of fractionals even higher than listed in Table 1, and so would have made 
the difference between the X-ray and the other two series even greater than 
shown under “percent fractionals” in the table. However, there were com- 
paratively few mutants in the “died and sterile” category in these two series, and 
therefore overlooked front-hind fractionals here would not significantly have 
changed the results as listed in Table 1. 

In all three series, most of the mutants (at the visible loci under study) were 
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Whole-body mutations versus fractionals in the X chromosome of Drosophila 
originating in post meiotic stages in the male 














Whole-body Fractionals 
Front- 
Left-right}+ hindt 
Percent 
Died Total Not Died Not Total Total fractional 
No. F, Non- or whole- Non- trans- or  trans- frac- mutants (of total 
Series females lethal Lethal sterile body lethal Lethal mitted sterile mitted tional (wh-b&fr.) mut.) 

X-rays 157,000 43* 38 32 113 1 0 2 2 4 9 122 7 
(3000r) (38) (30) (1) 
Chemicals§ 
(A) 24,000 3 5 3 11 3 1 5 1 2 12 23 52 

(3) ©) (0) (0) 
(B) 17,000 2 7 4 13 3 5 6 2 10 26 39 67 

(2) (1) (1) (1) 
(C) 31,000 6 11 4 21 1 1 3 0 4 9 30 30 

(3) (6) (1) (0) 
Spon- 77,000 2 1 1 + 1 0 3 1 2 7 11 64 
taneous (v*/v)|| (2) (1) (1) 

74,000 5 5 3 is 1 3 7 1 1 13 26 50 
(3) (1) (1) (1) 





* Total above; genetically identified below in parentheses. 
+ As, for example, one eye white, one red. 
t As, for example, both eyes white, gonads normal. 


§ (A) Phenylalanine mustard; (B) dimethyl myleran; (C) 2,5 bis-ethyleneiminohydroquinone. 

All other F, females (those above and below) were v/v (which makes the darker eye colors bright apricot). 
ordinary visibles, but there were also many visibles with lethal effects (between 
one third and one half of our total tested visibles), and the two kinds (nonlethal 
and lethal) were found in about the same proportion to each other among the 
whole-body and the fractional mutants. There were a few isoalleles. 

The majority of the fractionals were left-right mosaics, but about a third of the 
total in the three series (23 in a total of 76) were front-hind. The finding of this 
segmental distribution of mutant tissue is in line with earlier work of others on 
gynanders, indicating that the first cleavage plane of the fertilized egg is usually 
longitudinal (into left and right halves of the body) but that it is sometimes 
transverse. 

Clusters were found in all three series. In the X-ray series there were three 
(consisting of two, three, and 27 mutations of common origin). In the chemical 
series there were three (of six, two, and four). In the spontaneous series there 
was one cluster which was genetically identified as usual, and in addition there 
were two suspected clusters (of three and four) which were lost before they could 
be identified. The clusters in every instance were represented by F, females of 
whole-body mutant appearance, as was to be expected, since even if they had 
originated as fractionals, they would upon replication in the germ track of the 
male have become whole-body, in the sense that the mutant nucleotide base in the 
original DNA molecule would have attracted its complementary base in the 
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process of replication and would then no longer have been fractional. In any 
event, the clusters would represent spontaneous mutations of premeiotic origin 
and are therefore not included in the present studies. 

Among the mutants that died before reproduction or were sterile, it was im- 
possible to identify possible clusters. But since clusters are rather rare, these 
“died or sterile” are regarded as mutations of separate, postmeiotic origin (not 
clusters) and are included in Table 1. 

Many variants for non-Maxy traits were found among the F, females of a 
kind not uncommonly seen in Drosophila. Some, probably partial gynanders, had 
one wing noticeably shorter than the other, or a smaller eye or thin, short bristles 
on one side (or combinations of these traits on one side). Other familiar variants 
were notch wings, crumpled wings, missing bristles, females with one half thorax 
missing, blisters on wings, deformed abdomens and bulging eyes. A few complete 
sex gynanders were found. None of these are included in the table. 


DISCUSSION 


The relative proportions of whole-body mutations to fractionals in X-ray and 
chemically treated material confirms the work of AUERBACH (1946) in which a 
more limited array of markers (mostly bristle mutations) was used. 

The preponderance of whole-body mutations induced by X-rays poses a prob- 
lem in connection with the Warson-Crick model of the DNA molecule, since, 
as previously indicated, it might offhand seem that as a rule only one strand of 
the double helix would be changed at a given level by X-rays; or if two, not both 
in a complementary manner. In either event, fractionals rather than whole-body 
mutations would be expected. 

Conceivably, the mutations here being referred to as whole-body might be 
masked mosaics, in the sense that their superficial tissues and gonads might be 
mutant, but some underlying tissue normal. The mutant, therefore, would appear 
whole-body and test genetically as such, but actually would be a fractional. The 
proportion of fractionals which were masked mosaics would depend on the 
distribution of the nuclei in the segmenting egg; in particular, on whether or not 
a nucleus, formed at the first cleavage, went below the surface. The treatment of 
the male parent would probably have no influence on this proportion. Therefore, 
if, for example, one third of the fractionals in the chemical series were masked 
mosaics, then in the X-ray series one third would also be. In view of this fact, the 
percent of masked mosaics in the X-ray series would not have been very great, as 
the following consideration will show. In the chemical series, the classifiable 
mosaics were as high as 67 percent of the total mutants so that even if all remain- 
ing of the total were masked mosaics (leaving no whole-body at all), the masked 
mosaics could not have been over 33 percent of the total or about half as frequent 
as the classifiable mosaics. Thus, even if we increased the fractionals (classifiable) 
in the X-ray series by as much as one half (i.e., one half of seven percent to 
include the possible masked, making the total fractionals about 10.5 percent), this 
would still leave the whole-body mutants greatly in excess of the fractionals in 
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the X-ray series. We are then left with the problem of how to account for the 
high percent of the whole-body mutants in the X-ray series. 

In order to account for the preponderance of whole-body mutations produced 
by X-rays, MULLER, CarLson and ScHaet (1961) suggest that a single ion track 
(or even single ionization) might break the bonds holding the two bases of a 
nucleotide pair to the double strand DNA backbone, thereby allowing their 
“rotational substitution”, i.e., the rotation and substitution of the base pair in a 
direction opposite from the original, so that now each base is in the strand formerly 
occupied by the complementary base. The result would be a whole-body mutation. 
A coincidence of the two breaks would not be so very unusual since single ion 
tracks are known to cause two breaks separated by even greater distances than 
those separating the bonds at opposite ends of a nucleotide pair. 

The relatively high percent of fractionals in the spontaneous series confirms 
the high rate previously reported by ScHALET (1958). Studies on untreated sperm 
by ScHaLet and MuLter have shown that the fractionals are carried for the most 
part by sperm ejaculated during the first 3-4 days after the male hatches, and 
that they arise mostly during the spermatid stage in the germ track, a stage which 
is especially mutagenic and which is prolonged for several days in the pupal 
stages, in the case of those spermatids which are going to give rise to the first 
formed sperm (those used during the first 3-4 days after the male hatches). 

In all three series, most of the fractionals seemed to be one half mutant, rather 
than one fourth or less. If we are right in considering them one half mosaics, then, 
as pointed out by Mutter, they could hardly represent delayed effects leading to 
missteps in the replication of the DNA molecule at the first division of the ferti- 
lized egg, for then they would have been only one fourth mutant. In order to be 
one half mosaics they must have arisen as permanent changes in one of the strands 
of an already existing double strand DNA molecule of a postmeiotic chromosome 
of the male parent. This would apply to all three series, including the chemical. 
The mutagenic effects of chemicals are undoubtedly sometimes delayed, as demon- 
strated by AuERBAcH. However, delayed effects would usually lead to mosaics 
which were mutant in less than one half of the body. 

Our material was not internally examined for the possibility of mosaics that 
were less than one half mutant, and we have by no means excluded the possibility 
that some of our mutants were one fourth mosaics. In a fly with one white eye and 
one red, for example, it is possible that only one fourth of the body might be 
mutant, particularly if the gonads were normal as evidenced by the fact that the 
mutation was not transmitted. Among the left-right fractionals, in fact, out of a 
total of 46 left-right, 26 were not transmitted, and the great majoriy of these were 
for eye color. Even when the gonads contained mutant tissue, a left-right eye- 
color fractional might occasionally have been only a one fourth mosaic, for in 
Drosophila cell lineages are sometimes mixed up. The present evidence from 
mosaics therefore does not exclude the possibility that mutations might sometimes 
be due to errors in replication. However, it seems reasonable to assume that many 
of the apparent one half mosaics were actually such. 

In summary, mutations in all three series (X-ray, chemical, and spontaneous ) 
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agree in representing, in large part at least, permanent changes in an already 
existing DNA molecule in a spermatid or sperm cell (rather than transient 
changes which cause errors in replication at the division of the fertilized egg). 
However, the X-ray-induced mutations differ from the chemically-induced and 
the spontaneous in that the first (X-ray-induced) much more often are whole- 
body than are the chemically-induced and spontaneous. 

We might account for the relatively small proportion of fractionals produced 
by X-rays on the assumption that when breakages of chemical bonds separate 
only one member of a base pair from a DNA molecule, the resulting loss would 
often be restituted since the complementary base would still be present to attract 
back the lost base (or another base of the same kind). The only remaining break- 
ages would then be those which resulted in the separation of a base pair from a 
DNA molecule. These would give rise only to whole-body mutations, by rotational 
substitution. 

However, if losses of single bases are often restituted, then we are left with the 
problem of how fractional mutations are produced, and in particular, how chemi- 
cals produce them. It is highly improbable that a chemical could cause a direct 
change of one base into another; that is, while the original base remained attached 
to the DNA molecule. More probably, it would first have to remove the base. If 
then, the base is removed, it would be restituted through the agency of the comple- 
mentary base, with no resultant genetic change, as assumed in the case of X-ray- 
induced breakages. Substitutions of base analogues in the DNA molecule might 
conceivably produce mosaics, but in the present studies no such analogues were 
employed. 


SUMMARY 


Among the visible mutations of postmeiotic origin in the sperm cells of Dro- 
sophila treated with X-rays (3000r), 93 percent appeared to be whole-body, the 
remaining seven percent being fractionals. Among the mutations detected in a 
chemically treated series and those of postmeiotic spontaneous origin, the percent 
of fractionals was relatively high (30-67 percent). The high proportion of whole- 
body mutations in the X-ray treated series could be accounted for on the theory 
of Mutter, Cartson and ScuHatet that radiation may break the bonds of both 
bases of a nucleotide pair, thereby allowing their “rotational substitution” with 
resultant whole-body mutation. 

In all three series the mutant tissue of the fractionals as a rule seemed to involve 
half of the body (not a quarter or less), so far as could be determined upon 
external examination of the fractionals. This half-body amount of mutant tissue 
indicates that these fractionals arise not as delayed effects followed by errors in 
replication at the first or later divisions of the fertilized egg (events which would 
lead to one quarter or less mutant tissue), but rather that the fractionals in ques- 
tion arise as permanent changes in an already existing DNA molecule, these 
observations thus supporting the recent conclusions of MULLER and his co-workers 
as to the usual nature of the mutational event. However, some of the mutants may 
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possibly have been one fourth mosaics. If they were, they would indicate that 
mutations might sometimes be due to an error in the replication of the gene. 
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Reo proposal, put forward by the senior author (1928b), that some cases of 

gene mutation may consist of a misstep incurred in the assemblage of a 
daughter gene by its mother gene, has found increasingly widespread acceptance 
in the past decade, with the finding of compelling evidence for it in the mutagenic 
action of nucleotide analogs (especially by Lirman and Parpee 1956; BENzER 
and Freese 1958; Freese 1959). However, evidence of a contrary nature, indi- 
cating that some other gene mutations do consist of changes in the already existing 
gene (as had at first been taken for granted for all cases), has been in considerable 
measure forgotten or disregarded. A case in point is to be found in the surprising 
statement in a recent book (Strauss 1960, p. 105): “as a matter of definition, 
there can be no mutation without DNA division.” It is the purpose of the present 
paper to direct attention to some of the evidence for mutation by change in the 
“old gene’, and to interpret certain aspects of the results in terms of current 
knowledge of the structure of the genetic material. 

Earlier indications of spontaneous mutation of the pre-existing gene: MULLER’s 
large-scale experiments on the effect of ageing different stages of Drosophila on 
the spontaneous mutation rate (MULLER 1946a,b; see also discussion, 1954) were, 
in part, undertaken in order to throw light on this problem. The data clearly 
showed a rise in mutation frequency (averaging some .06 percent of recessive 
lethals in the X chromosome per week) resulting from storage of the mature 
spermatozoa in the female. Moreover, the relatively high frequency of mutation 
(.2 percent) among offspring of a male’s first released sperm (as contrasted with 
.06 percent for later sperm), also found in these experiments, is now realized by 
us to be probably related to the fact that the early sperm, unlike the later ones, 
are derived from early pupal spermatids which, for a period of some 24 hours 
(beginning at about 20 hours after prepupa formation), have been unusually 
mutable. This mutability is indicated by the exceptionally high mutagenic effec- 
tiveness both of ionizing radiation and of a number of mutagenic chemicals when 
applied to this pupal stage (AUERBACH 1954b, 1958; KutsHin 1955; OsTER 1957, 


1959; MuLier 1958). 
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It seems likely that spermatids during this early pupal period are not only more 
synchronized but also reach a higher peak of mutability than spermatids formed 
later, and/or that in this period they remain at their peak for a longer time and 
can thereby accumulate more spontaneous mutations. At any rate, many more 
spontaneous mutations are (as above mentioned) recovered among offspring from 
male germ cells that have passed through this early pupal period as spermatids 
than among those from sperm released later, and it is natural to suppose that their 
excess mutations were initiated at this sensitive stage, rather than at some earlier 
one, prior to the meiotic divisions when they would have been little differentiated 
from the germ cells that were to form the later released sperm. If, now, this infer- 
ence is accepted, it follows that two of the periods in which there is an exception- 
ally high initiation of spontaneous mutations—that of early pupal spermatids 
and that of spermatozoa stored in females—are both postmeiotic stages that allow 
of no gene replication. This in turn would favor the conclusion that in both these 
stages the mutations there initiated involve changes that take place within the 
genes already present. 

The above evidence has been reinforced by the finding (Byers and MULLER 
1952; Byers 1954) that when sperm stored in the female are kept at a higher 
temperature, there is a higher frequency of mutants among the offspring derived 
from them than among those from sperm stored at a lower temperature, provided 
both temperatures are within the range normal for the organism. Although a 
similar relation of mutation frequency to temperature had previously been found 
(Mutter 1928b) in experiments in which the temperature differences had been 
applied to the whole life cycle, that effect, unlike the effect on spermatozoa, could 
as readily as not have been interpreted as consisting in a disturbance in gene 
replication. Similarly, the finding of the mutagenic influence of temperature 
shocks to spermatozoa (Kerkis 1941; Byers 1954) argues for alterations in the 
genes already present in them. 

There is, however, a possible escape from the conclusion that the mutations 
arising “spontaneously” during storage or sensitive stages of postmeiotic male 
germ cells, or induced in them by given conditions, consist of changes in pre- 
existing genes. This consists in the special, ad hoc postulate that mutagenic sub- 
stances or conditions accumulate in the cells, within or in close association with 
the genetic material, and that long afterwards, following fertilization and the 
dispersal of the chromosomes in the egg protoplasm, these derangements cause 
errors in the construction of the daughter genes. It is to be noted that, as the data 
clearly show, such errors would have to be confined to the chromosomes that had 
been present in the spermatozoa and would not extend to the chromosomes that 
had been derived from the oécyte. That is why the substances or conditions postu- 
lated would have to be in or closely connected with the genes themselves. We 
shall return to consider this possibility in more detail later. 

Novick and Szitarp’s finding (1950, 1952) that mutations of E. coli were 
not decreased in frequency when the organisms were caused to reproduce more 
slowly, even when such means were employed for this purpose as limitation of 
the P or N needed for gene synthesis, gave strong evidence, of the same general 
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nature as that derived from the experiments with stored Drosophila sperm, that 
these mutations likewise did not consist of errors in the generation of daughter 
genes. We can now exclude, on the basis of tracer studies (NAKADA and Ryan 
1960), the alternative that the genes even in these nonproliferating cells could 
undergo some kind of replicative turnover in which the surplus genetic material 
is reprocessed (Novick and Sziiarp 1950, 1952; MuLier 1954). However, we 
still remain faced with the same remote possibility here as that discussed in con- 
nection with the results for sperm. That is, it might be postulated that the non- 
proliferating or more slowly proliferating cells incur a relatively high accumu- 
lation of mutagenic substances or conditions which later, at the time of replica- 
tion, cause “errors” in daughter gene construction. Thus the case would not yet 
be quite proved for changes in the “old gene”’. 

Evidence in the case of radiation-induced mutations: The situation seemed for 
a time to be similar in cases in which ionizing radiation was applied to sperma- 
tozoa or to other postmeiotic male germ cells. For in these cases also any resulting 
gene mutation must either have been produced in the pre-éxisting gene or else 
have involved a long lasting but not yet mutant chromosome change that led, after 
fertilization, to an error in gene replication. The latter contingency would, how- 
ever, give rise to a mosaic (“fractional”) mutant. It is true that from the beginning 
of such work some of the induced mutants involving visible gene mutations were 
seen to be mosaic (MuLLER 1927, 1928a). This fact had at the time, however, 
been interpreted as indicating rather that the sperm chromosome consisted of 
two strands than that there had been a delayed effect. At the same time, it was 
thought that the seemingly nonmosaic mutants might be explained away as “‘peri- 
clinal” or somehow masked mosaics since it was thought unlikely that two strands 
would often be caused to mutate simultaneously at exactly corresponding points. 

This view of mosaicism being usually masked was thrown into doubt by further 
experience with presumably half-and-half mosaics of other kinds, such as induced 
gynandromorphs and structural change mosaics, and spontaneous gene muta- 
tional mosaics. These cases showed that the distribution in the adult of nuclei 
descended, respectively, from the two that had been formed at the first zygotic 
division, was not such as to make possible, among half-and-half mosaics, nearly 
as high a proportion simulating nonmosaics as the proportion of seemingly whole- 
body mutants that is actually found in the radiation work. That is, it became 
probable that the great majority of gene mutations induced by irradiating sperma- 
tozoa really do involve the whole body. This situation strengthened the conclusion 
that the radiation must have altered the pre-éxisting gene (MULLER 1954, p. 421; 
1959, p. 314). Yet if the concept of double strandedness were to be retained the 
seemingly unlikely admission then had to be made that the induced mutations 
were usually twin occurrences. 

The whole-body character of most of these mutations has recently been 
thoroughly established in ALTENBURG and BrownINo’s (1960, 1961) studies on 
the relative frequency of mosaic expression of visible gene mutations after treat- 
ment of spermatozoa with X-rays or chemical mutagens or in cases of their spon- 
taneous origination, respectively. There can now be no doubt that the great 
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majority of the radiation-induced ones are nonmosaics, in contrast to what is true 
of the mutations arising in other ways.* Yet this finding has seemed to “prove too 
much’’, now that the chromosomes’ double strandedness has also been put on a 
firm foundation, through the Watson-Crick theory (1953a.b), confirmed as it 
has been by much recent work. The question must therefore be faced, how is it 
that both complementary strands have been caused to mutate simultaneously in 
exactly the same way—or rather, in exactly complementary ways? 

How does radiation alter both complementary strands at once? In seeking an 
explanation, we may first recall the evidence that X and gamma radiation often 
results in two nearby mutational events arising in the course of the same fast 
electron track. This has been shown by the virtually linear relation between the 
frequency of minute rearrangements, which of course require two nearby breaks, 
and the total dose of radiation (BELGovsKy 1939; MuLLer 1940; Frye 1957). 
Examples of X-ray-induced gene mutation illustrating two hits referable to the 
same track are the cases of simultaneous origination in the same chromosome of 
scarlet and a separable lethal, 0.1 map unit apart (MULLER 1933); of Contra- 
bithorax and postbithorax, located in subgenes 0.02 map unit apart (E. B. Lewis 
1954); and of oblique and truncate, in neighboring subgenes of complementary 
strands, about 0.01 unit apart in the map (Cartson and SouTHINn 1959a; CarLson 
1959). In the last case the original mutant was a seemingly half-and-half mosaic 
showing a different mutant allele in each of its two halves, and fortunately con- 
taining germinal tissue of both kinds, from which stocks of both were derived and 
subjected to genetic testing. Considering the rarity with which two different gene 
mutations, one or both visible and located at ordinary distances from one another, 
are obtained in radiation work, these cases of very close proximity cannot repre- 
sent mere coincidence. Thus they raise the question whether the whole-body 
mutations obtained after irradiating spermatozoa are not expressions of the same 
principle involving double hits at nearby points, in this case located on comple- 
mentary strands. 

Certain difficulties arise on this interpretation. On purely geometrical grounds, 
there is virtually the same likelihood that a second hit arising in the same electron 
track far enough away to affect a different nucleotide would strike in the same 
strand as in the complementary strand. Thus, it would seem that if simultaneous 
mutations were induced so frequently in complementary strands the mutations 


5 While our present article was in press, a recent paper by Kaplan, WINKLER and Wo tr- 
ELLMAUER (1960) came to our attention, reporting the nonmosaic character of most of the muta- 
tions induced by irradiation of chi-phage in vitro with either X-rays, which give a one-hit (linear) 
curve of frequency with dose, or UV, which gives a two-hit curve. The interpretation offered in 
our present article fits these results as well as those in Drosophila. The fact that even UV with 
its two-hit curve gives nonmosaics confirms our view that the chief reason for the recovered 
radiation-induced mutations so often involving exactly complementary changes in the two strands 
is because of the selective effect of a double event of this kind in leading to completion of the 
potential changes by rotation rather than to restitution, as contrasted with a much higher ten- 
dency of not exactly paired changes to undergo restitution since they would not be subject to 


rotation. 
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in each strand also would usually be compound. This would make, in the case of 
radiation-induced gene mutations (apart from structural changes), for virtually 
irreversible alleles and a greater prevalence of extreme alleles than found spon- 
taneously, contrary to present evidence (e.g. GiLEs, DE SERREs, and PARTRIDGE 
1955; Gites 1956; Cartson and SouTHIN 1959b). It would also be implied that 
the mutant genes induced in the two strands were seldom identical, and pheno- 
typic differences in their expression should not be uncommon. The great preva- 
lence with which nonmosaic mutants are induced that are phenotypically similar 
to spontaneous ones therefore throws doubt on this interpretation, unless it is 
recast into some more specialized form. 

Carson has proposed a refinement of the double-hit interpretation which we 
believe helps to resolve these difficulties. If the changes are to be equivalent in 
the two complementary strands then, unless they are ultraminute deletions (an 
admitted possibility for some cases which, however, we shall here neglect), they 
might most readily be produced by an exchange of complementary elements in- 
volving, in effect, a rotational movement of them. If two or more nucleotides in 
each strand were involved the result would be an ultraminute interstitial inver- 
sion, inasmuch as the chemical bonds face in opposite directions in the two strands 
so that a piece taken out of one strand has to be inverted in order to become 
joined into the other strand. But it is evident that, when this has been done for 
both strands, the change in one strand is exactly complementary and therefore 
equivalent to that in the other strand. 

Of course such inversions require four breaks, and to be really equivalent in 
the two strands they must have these breaks at exactly paired points. However, it 
is far more likely that a chromosome would be effectively broken, so as to have 
its pieces available for rearrangement, when both strands are broken at just the 
same point than when broken at even slightly different points. Thus completed 
mutations would tend to represent a selection of such cases of breakage. Yet the 
pieces need not necessarily become attached symmetrically after their breakage, 
and when they do not, the principle of transfer between strands is most graphic- 
ally illustrated as in the cases reported by Lurta, VALENCIA and MuLLeErR (1949) 
and Scua.et (1957b). Even on a gross scale, cases involving four exactly paired 
breaks are not infrequently induced, in this event by hits arising in the course 
of two different electron tracks. It is, of course, not unlikely that in these cases a 
special type of bond, a more vulnerable one limited to relatively rare “nodes” 
between genes or subgenes, is broken, rather than a phosphate-sugar bond between 
nucleotides. This would facilitate the exact matching of the breaks. As for “minute 
inversions” of a size (involving whole genes or subgenes) comparable with the 
‘“‘minute deletions” of our Drosophila studies, the linear relation of the frequency 
of the latter to dose shows, as previously noted, that these usually result from hits 
all of which are derived from the same track. Here too the matching of breaks 
might be rendered more likely by their involvement of “‘nodal-type” bonds. 

That cases of somewhat analogous type can occur even on such an ultraminute 
scale as to have both breaks within the same subgene (as the word is used for 
Drosophila), and surely involving phosphate-sugar bonds of the polynucleotide 
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“backbone”, is shown by BENzER’s (1959) block mutations in phage. However, 
it is not known if these can involve simultaneous matching changes in both 
strands; it is conceivable that they arise rather as “copy-choice” errors, involving 
loops in replication, than as results of breakage. It is true, moreover, that ordinary 
intergenic “minute rearrangements”, as judged by the “minute deletions” of Dro- 
sophila, are induced with far lower frequency than intragenic or intrasubgenic 
mutations. Yet it is to be expected that the smaller the distance between the hits in 
question the greater would be the likelihood of the necessary concatenation. On 
this ground, therefore, truly intragenic inversions might well be fairly abundant. 

Rotational substitution of bases: It has appeared to the senior author, however, 
that by far the most likely type of exactly symmetrical rotational rearrangement 
to be induced by ionizing radiation would be one involving no breakage of the 
“backbone” of either of the two strands, but only a breakage, at corresponding 
points in both complementary strands, of the bond between the base and the sugar 
group to which it was attached. Thus, instead of four breaks later followed by 
four fusions, only two breaks and two fusions are required. The two comple- 
mentary bases that have been detached from their backbones would still be con- 
nected with one another by their hydrogen bonds. There might presently be an 
opportunity for either of them to become reattached to one of the sugars that had 
now a place for them, but there would be about as much chance for the first base 
that underwent attachment to join on to the sugar that was originally on the other 
side from it as to that which it had previously been attached to, and on its becom- 
ing attached the other sugar would be brought into a position for forming the 
reciprocal attachment, mutational or restitutional as the case might be. The 
resulting rearrangement (representing the limit of smallness to which inversions 
can approach, namely, a single point on each side) has passed beneath the size 
where it can properly be termed an inversion at all, and constitutes a true non- 
mosaic gene mutation entailing a punctiform change of the whole of the old gene. 
This may be described as a rotational substitution, at corresponding points in each 
strand, of the complementary nucleotide, purine for pyrimidine and pyrimidine 
for purine, in the place of the one originally present there. 

Since the electron tracks are randomly oriented with reference to the chromo- 
some strands they traverse, the likelihood of a second hit affecting a point on a 
given pair of strands varies inversely as the square of the distance between that 
point and the point affected by the first hit. Therefore the hits above postulated, 
that affect complementary nucleotides, are much more likely to occur in connec- 
tion with one another than are any other two hits derived from the same electron 
track and effectively involving complementary strands. This argument is not 
vitiated by the fact that the sites of secondary and tertiary ionizations and excita- 
tions have a considerable cross-sectional and spherical range about the track of a 
fast particle, since within any given cross section the likelihood of a hit must vary 
directly with the distance from the center that marks the actual track. However, 
the proportionality constant relating likelihood to distance would be smaller for 
longer ranges. Similarly, the argument is not vitiated by the short-range migra- 
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tions of mutagenic particles and possible transfers of mutagenic activity that may 
occur among particles. 

It is natural to think of the two hits in question as derived from different ioniza- 
tions occasioned by the same fast electron. This interpretation seems to be sup- 
ported by the relatively high efficiency of radiation of higher linear energy trans- 
fer (fast neutrons) in producing gene mutations. However, a part at least of this 
higher efficiency is to be observed only at a relatively low oxygen concentration 
such as that of air. This situation has its basis in the fact that at the higher local 
concentrations of ions arising with the higher linear energy transfer the produc- 
tion of mutagenic particles carrying activated oxygen is less dependent on the 
concentration of oxygen present in the medium. If, however, this is the main 
reason for the higher RBE of neutrons than of X-rays in inducing gene mutations 
of the type in question, it may well be that the double hits presumably involved 
here usually represent effects of the very same ionization. That is, even an indi- 
vidual ionization may often be capable, as its energy undergoes dispersion and 
degradation into several neighboring excitations, of initiating effective hits at two 
or more nearby points (as postulated by MuLLER 1937). It is to be noted that in 
this event also the principle would hold of a decrease in effectiveness varying with 
the square of the distance of these points from one another. Thus, whether they 
are caused by a common ionization or by separate ones, two hits so placed as to 
make possible a rotational substitution would appear on the purely topological 
ground of the likelihood of their occurrence to be the commonest way in which 
gene mutations are induced by ionizing radiation. 

It is by no means necessary to suppose that in the process of rotational substi- 
tution or of ultraminute inversion the breakages are immediate, unconditional 
effects of the hits. The bonds in question might simply be made more subject to 
breakage by reason of an alteration, such as an activation or other potentiating 
chemical change, that has occurred in their close neighborhood, and later circum- 
stances might decide whether actual breaks were in fact produced. Evidence of 
this type of phenomenon has been provided by such findings as those of NorpBack 
and AvEerBACcH (1957) and of Sopets (1958) of the influence of the later history 
of X-rayed spermatozoa or spermatids, including the effect of posttreatment with 
a nonmutagen, on the frequency of lethal mutations recovered from them. This 
consideration, however, does not weaken the case already presented for inferring 
that a given ion or ion cluster eventually acts by causing complementary breaks 
that result in the formation of minute inversions or rotational substitutions. 

Other types of radiation-induced mutation: If the process here depicted is that 
typical of the nonmosaically expressed gene mutations induced by the exposure 
of spermatozoa to ionizing radiation, how are half-and-half mosaic ones produced? 
Here we have two main alternatives. One is that of a multiple hit which detaches 
a part of one strand by severing the “backbone” on both sides of a given nucleotide 
or detaching a base from both its backbone and its complementary base. The other 
is that of a single hit which affects the given nucleotide (as by oxidation, amina- 
tion, or methylation) in such a way as to cause it permanently, or at least through 
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several replications thereafter, to choose a specifically different type of nucleotide 
than the type originally complementary to it. Neither of these mechanisms would 
necessarily result—as rotational substitution always does—in the supplanting of 
the original nucleotide by one of a type effectively complementary to it. Thus, 
many of the gene mutations induced in sperm as mosaics would be expected to be 
different in their fine genetic structure from those induced as whole-body mutants. 

A third possibility that suggests itself as an explanation of the X-ray-induced 
mosaics is that there is a purely temporary change in state or composition of the 
chromosome in the sperm, which leads, at the ensuing replication, to an error in 
its choice of complement. However, this mechanism would give rise only to a 
one-quarter-mutant three-quarters-normal mosaic (a type thought to arise seldom 
if at all in such experiments), unless both complementary pre-existing strands 
had undergone corresponding, i.e., complementary, temporary changes of the 
given kind. This possibility seems so specialized as to be far less probable than 
either of the first two. Thus we conclude that not only the whole-body gene muta- 
tions but even most of the mosaic ones derived from irradiated sperm in all likeli- 
hood represent enduring changes that have occurred in the pre-éxisting genetic 
material. 

Conditions for the origination of the spontaneous mutations observed by 
ScuHa.et: In the light of these considerations we may now return to the problem 
of whether spontaneous mutations ever, or frequently, consist of changes in the 
pre-éxisting gene. The experiments carried out by ScHALET (1957a, 1958, 1960) 
at Indiana University were designed chiefly for the purpose of obtaining evidence 
on this matter. The procedure consisted of picking up, by inspection, visibly 
mutant first generation offspring derived from one series of sperm that had been 
stored in the mother for 3—4 weeks at 25°—26°C, and from another series of sperm 
that had been utilized within a week after their ejaculation, and determining the 
frequency of mosaics among the mutants of each of these series. It was intended 
thereby to discover whether or not the mutations in paternally derived chromo- 
somes, most of which could in both these series be inferred to have had their 
origin in circumstances obtaining within a nondividing period of the postmeiotic 
male germ cells, were of the mosaic type to be expected on the interpretation of 
their consisting of errors in replication. The data obtained, although superficially 
surprising in more ways than one, were nevertheless such as to afford, when con- 
sidered in connection with previous results of our group, highly suggestive evi- 
dence, of a type not at first obvious, concerning the main point at issue. 

To interpret these data it is necessary first to realize that in the case of the 
“unaged” series, that in which the sperm had spent less than a week in the female 
between ejaculation and fertilization, these sperm had been ejaculated within 
the first week of the male’s adult life, more often within his first two to four days. 
They had therefore been derived from the exceptionally mutable germ cells 
previously referred to, that existed as peak sensitivity spermatids in his early 
pupal life. The above-mentioned tests for spontaneous mutations from sperma- 
tozoa of such derivation (MULLER 1946) had in fact shown that these contained 
about as high a frequency of spontaneously arisen sex-linked lethals (.2 percent) 
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as was obtained from spermatozoa that had been ejaculated a few days later (at 
a time when those which fertilized eggs immediately showed a frequency that 
had dropped to .06 percent) and that had thereafter been stored for about three 
weeks in the female so as to “accumulate lethals by ageing” prior to fertilization. 
Thus, in ScHALEt’s tests of the offspring from early released “unaged” sperma- 
tozoa, the finding was understandable that the frequency of neither sex-linked 
lethals nor visible mutations involving specific loci was significantly lower than 
among the offspring derived from the sperm that had been stored for several 
weeks in the female. The reason for this was that even though largely the same 
parent females, inseminated by the same males during the same period of less 
than a week, had been employed in both series, the earlier received sperm must 
have been partly used up in the early days of the females’ egg laying so that the 
sperm subjected to ageing in them tended to contain a larger contingent of those 
ejaculated during the latter days of the males’ first week. The sperm subjected 
to ageing had therefore been in larger measure derived from the later formed 
spermatids that did not give rise to so high an initial rate of spontaneous mutation. 
The subsequent ageing of these sperm therefore tended only to bring their muta- 
tion rate up to approximately that of the earlier used sperm. At the same time, 
however, the difference (or lack of it) between the frequencies found in the two 
series had, in the case of both lethals and visibles, a relatively large statistical 
error. 

Despite the statistically insignificant fluctuations, most of the gene mutations 
in the aged series must have arisen in consequence of the ageing. Correspondingly, 
most of those in the unaged series must have been referable to the special con- 
ditions—in all probability those existing during the stage of peak sensitivity of 
early pupal spermatids—under which the first released batch of germ cells had 
undergone spermiogenesis. In the main, then, the singly arising (as opposed to 
clustered) mutants in these two contrasted series would both very largely repre- 
sent, and to about equal effective extents, the results of natural influences exerted 
during one or the other of two postmeiotic nonreplicating stages: that of sperma- 
tozoa stored in females and that of spermatids in early pupae. 

Evidence for “spontaneous” alteration of the pre-éxisting gene: The most strik- 
ing feature of the data on singly arising visible mutants was that for both series 
alike an overriding majority were demonstrably mosaic. Their mosaicism was 
shown either by their mosaic appearance, or by their giving rise both to mutant 
and to normal offspring having the chromosome in question or by their breeding 
as normals despite their diagnostically mutant phenotype. Since the mosaics could 
hardly have been, on the average, more than half mutant, this result seems to 
indicate, for one thing, that half-and-half mosaicism can usually be recognized 
as mosaicism. In this connection it should be noted that the distribution of normal 
versus mutant parts in them was, on the over-all view, much like that found for 
gynanders derived from irradiated sperm, the great majority of which probably 
start as half-and-half zygotes (BonNiER and Lunrne 1951). 

It had originally been intended to preserve all the singly appearing mutants, 
after giving them a chance to breed, in order later to examine the distribution of 
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“ 


mutant tissue within them more precisely. In the case of eye-color mutants, which 
constituted more than half of those in question, this procedure would usually have 
allowed observation of the distribution of the mutant character in their Mal- 
pighian tubes and thus made possible a much closer approach to a decision on 
whether the mutant tissue was present in approximately the whole body, a half 
of it, or a quarter. However, it proved impracticable because of the burdensome- 
ness of the experiment as a whole to carry this plan through. It is to be hoped that 
this will be done in some future work since the point here at issue is a critical one. 
In the meantime, it is regarded by ScHatet as probable that a considerable ma- 
jority of the mutants classified as mosaics were in fact of the half-and-half type. 

Before the advent of the Warson-Crick model, when this experiment was 
designed, this result would have been taken to show that the mutations occasioned 
by ageing or by otherwise influencing these stages arise as “aftereffects” in the 
fertilized egg through errors in the synthesis of the daughter genes, unlike the 
X-ray-induced mutations which being predominantly of whole-body type usually 
arise as changes of the pre-éxisting genes. At the same time, it would have been 
considered that the early judgment as to the sperm chromosome’s doubleness had 
been wrong and that the data on spontaneous and induced mutations, taken to- 
gether, showed it to be a single strand. 

Now however, in the light of the sperm chromosomes’ indubitable doubleness, 
our lines of inference must be readjusted. To be sure, it must still be admitted 
that the radiation-induced whole-body mutations prove that the “‘old gene”’ has in 
these cases been permanently altered. In fact, the proof of this proposition has 
now been considerably improved since the evidence from the spontaneous cases 
shows, contrary to earlier surmises, in what a small proportion of cases half-and- 
halfs would be mistaken for whole-body mutants. However, when we turn to the 
evidence regarding the influence of natural mutagenic conditions on spermatids 
and spermatozoa, we see that, if this influence were exerted as an aftereffect so 
as to cause errors in the replication of sperm chromosomes within the fertilized 
egg, it would be expected (short of exceedingly improbable assumptions) to be 
expressed in quarter-mutants rather than half-mutants. For in replication each of 
the two original chromosome strands must guide the assemblage of its own comple- 
mentary daughter strand, and it is highly unlikely that a given error committed 
by one of the original strands would be paralleled by an exactly corresponding 
(i.e. complementary) error, at the homologous point, on the part of the other 
strand. 

Hence, instead of half-mutants testifying to an error in replication, they testify 
to the fact that at a given point in the chromosome a nucleotide in one of the 
original strands, but only in one of them, had become permanently altered, i.e., 
mutated. This strand, on synthesizing its complementary daughter strand, be- 
came a mutant whole chromosome that made its appearance known in one half 
of the resulting mosaic individual. 
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CONCLUSION 


We accordingly reach the conclusion that the most prevalent type of mutation, 
responsible both for the whole-body mutants induced by ionizing radiation in 
spermatozoa and for the half-mosaics arising spontaneously from postmeiotic 
male germ cells, consists of a permanent, heritable change in the pre-éxisting gene. 
It seems likely that if this is true of the radiation-mutations in sperm it is often 
or usually true also of those induced in other stages. Moreover, as far as the spon- 
taneous mutations are concerned, those of the type here dealt with appear to 
constitute one of the most abundant classes of all the mutations that arise spon- 
taneously in the male. This point is made evident by a comparison of the .2 percent 
sex-linked lethal mutation rate typically obtained from the sperm of 0 to 5-day 
old males with the .06 percent rate typical of second week males, for the differ- 
ence seems to be composed mainly of the type in question, if most of the fractionals 
are really half-mosaics. 

However, despite the fact that the X-ray-induced and the spontaneous muta- 
tions here in question both appear to consist of changes of the old gene, it is evident 
that there is an important difference in their mechanism of occurrence, in that the 
X-ray-induced ones alter both strands in equivalent (complementary) fashion, 
presumably by rotational substitution, whereas the spontaneous ones alter only 
one strand. As to the method by which this one strand is altered, there appear to 
be a number of diverse chemical possibilities, but in any case the operation must 
finally settle down, at least after replication, into the situation that a different 
nucleotide than before. although still one of an orthodox type, has been substituted 
for the one originally present. This process can hardly be a mere replicational 
error, inasmuch as the altered type of replication must persist systematically, in 
consequence of a permanent or long-lasting change that occurred in one of the 
two original strands, for otherwise only a quarter-mutant instead of a half-and- 
half mosaic would have been produced. 

At the same time, we do not wish to question the fact, established by evidence 
previously referred to, that mutations do also occur by replicational missteps. 
The mutational late aftereffects of chemical mutagens, early observed and studied 
by AurrsBacH (1946, 1954a), may well be examples of this process and so may 
some of the mosaics found by ALTENBURG and Browninc in their recent series 
of chemically induced mutations. It is also not unlikely that some of their and of 
ScCHALET’s cases of spontaneous “‘fractionals” are quarter-mosaics and therefore 


open to this interpretation. 


SUMMARY 


1. Earlier studies on Drosophila, indicating that natural influences acting on 
nonreplicative stages (spermatozoa, spermatids) result in an increased frequency 
of spontaneous gene mutations, made it seem probable that these additional muta- 
tions consisted of changes in the already existing genes. So did the studies showing 


that treatment of these stages with ionizing radiation also increased the frequency 
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of gene mutations. The experiments on E. coli by Novick and SzrLarp showing 
that retardation of replication, brought about by an insufficiency of materials 
needed for gene synthesis, fails to reduce the spontaneous mutation rate provided 
further evidence of the same general nature. But all these cases seemed open, in 
addition, to the alternative interpretation that substances or conditions had been 
produced, or had gradually accumulated, which later caused “errors” in gene 


replication. 
2. This objection has been removed, for the case of gene mutations induced by 


exposing haploid male germ cells of Drosophila to ionizing radiation, by studies— 
especially the definitive recent ones of ALTENBURG and BrowNING—showing that 
the great majority of the resulting visible mutants are of the whole-body type. 

3. The seeming identity of the mutant gene throughout the body in these 
cases indicates that the two complementary strands of the given chromosome that 
were present in the spermatozoon became altered in equivalent, i.e. comple- 
mentary, fashion. It is proposed (by Cartson) that this situation resulted from 
an exchange, at the given point in the chromosome, of complementary parts of 
the two strands, and further proposed (by Mutter) that the parts exchanged 
consisted only of the pair of bases present at that point. The latter process would 
entail the breakage of only the two bonds that had attached these bases to their 
sugar groups, while they still remained connected with one another by their 
hydrogen bonds. We are referring to this proposed exchange as “rotational substi- 
tution”. 

4. ScHALET’s studies on spontaneous visible mutations found in Drosophila 
X chromosomes that had spent several weeks in spermatozoa stored in the female 
(“aged” series) or that had been present in the unusually mutable spermatids 
of the early pupal male (“‘unaged” series) indicate that in both series the great 
majority of the mutations arose as a result of influences acting in the two respec- 
tive stages. Yet the great majority appeared as mosaics, and these seemed to be 
predominantly of the half-and-half type. In these cases, unlike those obtained 
after irradiation, the whole of the pre-éxisting gene could not have been caused 
to mutate; hence, the mechanism proposed for the radiation-induced cases does 
not apply here. Yet, for those in which the half-and-half diagnosis was correct, 
one of the two strands of the pre-éxisting gene in all probability did mutate since 
otherwise it would be expected that only a quarter-mutant would have been pro- 
duced. The spontaneous mutations here under consideration appear to constitute 
a large proportion of all the spontaneous mutations that arise in Drosophila. 

5. The foregoing evidence of the high proportion of mutations, whether 
radiation-induced or spontaneous, that arise by a permanent change in the pre- 
existing gene, should not be construed as casting doubt on the occurrence of other 
mutations through missteps in the assemblage of daughter genes. 
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